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els of measurement accuracy. To derive these curves, all sources
of error in the basic AROD measurements - range and range rate - “
are considered. In addztzon surveying errors and the effects of
varying spacecraft-ground station geometries are considered in
determining overall system performance. A representative Sys-
tem design is presented with the following parameters: center
Jrequency - 2000 Mc; spacecraft antenna gain-unity; spacecrafi
transmitter power ouiput - 12.5 watts;' spacecraft weight (est.) -

27 pounds; spacecraft input power requivements (est.) - 114 walts;
ground transponder anlenna gain - 1 3‘db; ground transponder power
output - 25 watts; system design margin - 10 db. With these pa-
rameters, the representatzve system provides a range measure-
ment accuracy of 3 melers and a range rale measurement accurac:y
of .03 meters per second at a range of 1000 miles and an altitude
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, Space Flight 0.,,. Huntsvxlle Alabama,

under Contract NAS 8
The Study was conducted by the Federal Systems Division of the IBM Cor- -
poration at Rockville, Maryland, with Geonautics, Inc. participating in a
spgcial portion as a subcontractor. The period of performance covered

by this report is from June 26, 1962 to December 26, 1962.

1.1 Introduction

The AROD System is a precise orbit determination system in which
range and range rate sensors are located in the spacecraft and trans-
ponders are located on the ground. Range and range rate with respect to
three or four ground stations are measured simultaneously and the posi-
tion and velocity of the spacecraft are determined in real time.

Reversing the location of the sensors and transponders with respect
to aoavenuonal range and range rate systems results in many sxgmﬁcantrf
ad#antages for the AROD system; the more important of these advantages

 0 B Reai tlnle Orblt determinatmn without the mquiremeﬁt for
intercommunications between the ground stations.

® Simple, reliable, unattended ground stations with low initial
and operating costs.

® More efficient utilization of the available vehicle power (by

jssaeter of three to four) hananse a uniqne ;:—;i t;anamia m‘




- thi&ané’ the gg,neral approach oi datermimng the eccnomic factors, or ,;'

In addition, the AROD system has the good geometrical charact'eristics
of all range and range rate systems, thereby providing a high degree of
accuracy in ajarge volume surrounding the ground g‘tatm»ms

The pnmary parpose of the AROD Feasszluy Study was to determine

: ereassnmﬁio be the pensity fﬁct@l"s oi greatest A

;,((\ [

) range ana ra.nge rate could be measured. To obtain the tiformationnec=
essary for these curves, an anaiysxs ‘of all error sources was undertaken =~

and a representatxve system design was evolved in considerable detail,
thereby permitting meaningful estimates of the system penalty factors.
For this study, the only mission requirement established was that the

- AROD system must be capable of handling spacecraft at altitudes as high

as 2000 nautical miles and as low as 90 nautieal miles. The modulation
technidues that were investigated were restricted to continuous wave
"Sidetone Ranging" schemes. From the RFP for the study, position and
velocity were taken to be the parameters computed from the range and
range rate measurements. Incremental accuracies, which would be much
bétber than the absolute accuracies investigated, were not a primary con-

_ sideration in the Feasibility Study.

" 12 Summary ’

» ’The “principal concimmn of the Feasiblhty Study is that ﬁm ABOD

concept zs feasible No technolagical breakthroughs are required toim-

plement the system and, in fact, a representative state-of-the-art system

has been designed. This system is discussed in some detail in this report.
The -two most important results of the study are the performance

curves relating measuremen: accuracies to equipment penalties and a sys-

: ﬁtpenaities associated w!th acﬁievmg v&rious accuraciﬁ wa,s 101- o

tem design.that represents an economical approach to the operational

I3
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AROD configuration. Figuresland?2 summarize the results of the feasi-

* bility investigation in a form that is not restricted to a particular perform-
_ ance objective or a specific systempenalty. Rather, the more general ap-
, proach of mdicatmg the spacecraft and ground station penaity factors re-

and in the block dizgram of the representative system (Figire 3). The

~ vehicle equipment, which is entirely solid-state, radiates 12.5 watts of

continu:)us wave power at & nominal carrier frequency of 2000 Mc. Horizom-
to-horizon coverage is prc;ﬂded by Lhé vehicle antenna. Included in the
transmitted spectrum are supplemental carriers (or "sidetoﬁes") differing
in frequency from the principal carrier. The sidetone with the largest
frequency difference, 5 Mo, is used to determine fine range, and a number
of additional tones are provided to resclve all range ambiguities. Allof
the carrier and range tone signals are harmonically related and are syn—
thesized from an ultra-stable oscillator. X

The ground franspouﬂer features a multi-beam antenna which provides
considerable gain with almost complete hemispherical coverage. A receiver
associated with each of the 13 beams of the antenna senses an active beam
ccndxtim and is switched to the input of a smgle transtmtber cham, Trans—
lation of the received signals by 60 Mc (nominany) is effected by an ultra-
stable oscilléior prior to applieation to the transmztter chain Théfhominal
25-watt output of the transmitter chain is djrected bya ferriter switching
matrix to the active beam.

The spacecraft feceiver amplifies and separates the signals retraps-
mitted from three or four ground stations and applies these signals to
tracking filters. Phase locked loops extract the carrier and range tone

sxgnals which are then cempaned to the t.ransmxtted spectrum in dzgnal
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""“"C’emerFmgem:r{Nomiml)f-
Antenna Gain
Antenng Coverage

Transmitter Power Output &
Equipment Weight (Estimated)
Equipment Power input (Estimated)

Equipment Volume (Estimated)

GROUND STATION EQUIPMENT

Translation Frequency (Nominal)

Anterma Gain

" Number of Beams
Antennc Coveroge

Transmitter Power Output (Nomit{ol)

Unity ‘
Horizon-to~horizon
125 watts

271bs.

114 watts

800 cubic inches

60 Mc
13db (at 5° elevation angle)
7 db {at 90° elevation ongle)

71,3,,, - T,. PR ,,,* e — ,VV -

Omnidirecﬁonai in azimuth
for elevation angles > 5

25 watts
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SYNTHESIZER

MULTI-BEAM
ANTENNA

SYSTEM TIMING

MEASUREMENT |
CIRCUITS
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~ GROUND EQUIPMENT
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| Ferrite
Switching )

o TRANSMITTER |
| RECEIVERS . CHAIN
TRANSLATION
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Figure 3. Simplified Block Diagram
S = = = ?‘::»?.7»:»»; TR T B ’;' ey



and range. These data then enter the vehiele guidance computer where
the computations required for orbit determination are performed. The
penalties and performance for the representative system are shown in
Figures 1 and 2.

“The absolute accuracies éepicte& fnr Figures Tand 2 mclude alferrer
77 swf;s thai affect the basic AROD range and range rate meawements e
- In addition to these gources, howsver, two other factors must be conskietsd

= igﬂ%em ‘;ixe?erfﬂrmme of the ARQB syswm. uaeertaimas m ﬁae

“an estimate of the total AROD system peﬁormance can be séen I F‘fgures

4 and 5. Figure 4 shows the radius of the "equivalent sphere”* within
which the true poeition of the spacecraft is known to a probability of 68%,
asa functipn of the position of the spacecraft over the ground station com-
plex. In Figure 5, the radius of the velocity uncertainty "sphere" for a '
probability of 68% is shown. Three altitudes covering the entire AROD
operating envelope are mdicated in these fignres, with a range measure-—
ment error of; ?n’ee meters (rms) and a range rate measurement error of

.05 meters per’ second (rms) taken as the representative measurement
capabilities for the entire pass over the ground station complex. An im-
portant additional assumption for generating the curves in Figures 4 and 5
was that a representative value for the geodetic errors was seven meters;
this value was determined from a geodetic analysis conducted by Geonautics,
Inc. under a subcontract. ‘ S o ' '

7 As was ﬂae Feasibility Study, tlns report is organized into three ma)or
cgtegorieag _System Analysis, System Design, and Equipmem Implementanon
The systein analysis study (Section 2)-was undertaken to analyze the error
sources in the AROD system and to establish reasonable equipment per-
formance ob]ectwes. Consideration was given to the uncertainty in the
vacuum velocity of light, errors introduced by the propagation medium,
thermal noise errors, instrumentation errors, quantization errors, multipath

L
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‘ errors, and geodetic errors. By taking into account the penalties asso- |
ciated with controlling those sources of error which are affected by cir-
cuit and component design, the magnitudes of all the controllable sources
of system error were budgeted in an economical manner.

" In Section 3, System Design, the basis for cﬁéoslﬁg the recomn

“ . ,.mtemdesigmammach is presented. A p:z:ecedm:e for selectiugainhew -

' - equipment pan.meters that sxgnificantly affect system penalty factors is

~ to the selection of the spacecraft transmztter out:put sta.ge the des;gn of

the ground antenna, and the appropriate characteristics for the phase locked
loops.
The conclusions resulting from the study are summarized in Section 5
and a recommended program for the next phase of the AROD program is
, included
. Four appendices containing analyses that were of considerable impor-
tance to the Feasibility Study are contained in Volume 2.

B
¥




 SYSTEM ANALYSIS

- of the- AROD Feasibility Study. The goal of this portien of tbeﬁ’éndy {and -
of this section) is to determine reasonable performance cbjectives for the
AROD equipment. To achieve this goal, the procedures followed in this
section are:

1. The various sources of measurement error in the AROD
system are defined and the functional relationships between i
the magnitudes of the errors and important system param-
eters are determined. .
2. The effects of geodetic errors and various vehicle-ground
station geometries on system performance are analyzed.
3. The improvements that can be achieved through the use of
}1 smoothing techniques are discussed. .
" 4. Equipment performance objectives, in the form of an error o
- budget, are established on the basis of estimates for the
~~ error magnitudes introduced by the various sources, the
e 'l,;, equipment penalties associated with reduckg these er’rers,
" and estimates of the effects of geometry and smoothing
The error budget, which is based upon reasonable measurement
accuracy goals, establishes the performance objectives for the major por-
tions of the AROD equipment. These objectives then form the basis for the
AROD system design and tradeoff analyses (Section 3) and the equipment
ntatton cnnsmera:;l - e e e e e




2.2 Sources of System Errors

Before proceeding to an analysis of the error sources, a short discussion
concerning the terminology used in this report is in order. "Msasurement
Merrors" refer to the maccuracles (nsnaﬂy expressed as atandard devi.ations)
in the basic AROD mea.snrements range and range rate. "System errors”

: —r~refer%o me%mewmiee in th&paraaetera eemuﬁed from &ehﬁﬁe meas- - S S

_true value of the vacuum velocity of light), a source over which he has rela- =

tively little control (the propagation medium), and sources over which he can
exercise strong or complete control (e.g., thermal noise, quantization errors,
multipath). This last category is referred to as "equipment errors."
Contributing to the system errors are the uncertainty in the exact loca-
tions of the ground stations (geodetic errors) and the vehicle-ground station
relative geometry, in addition to the measurement errors.
It is important to note that the errors in range, range rate, position,
and velocity investigated in the Feasibility Study are absolute errors. Incre-
mental errors in these quantities from one reading to the next could probably
be made an order of magnitude smaller than the absolute errors by removing
biased errors (e.g., uncertainty in vacuum velocity of light, geodetic errors)
and smoothing thermal noise errors. Although an extensive investigation into
_incremental errors was beyond the scope of the Feasibility Study, they are a
very proper subject for analysis in the next phase of the AROD program.
2.2.1 Uncertainty of the Vaguum Velocity of Light
Of all the sources of error in the AROD system probably none is so
basic as tiie uncertainty in our knowledge of the vacuum velocity of light (c).
The estimate of this uncertainty given by Fmomel is + 0.3 km/sec or one
part per million (standard error). Although this uncertainty is expected to

_ be reduced, this well-accepted estimata®. 3 1g satisfactory for the purposes. - -




Lo

iy A

e There is no means of making our measurements more accurately

than the uncertainty in the knowledge of ¢. Therefore, rather than intro-
ducing unwarranted weight, power, volume, and cost penalties for equip-
ment with accuracies an order of umgmmde better than the uncertainty in

¢, the mére practlcal appi‘aach is to ;et ob;ectives for the equlpment errorsf o

ﬂ,,thatareapprcximmiy thesame order oimagnitude e ;4-“

22.2 Ifi*q;ag&ﬁ on;Erroﬁs'

--guced by- %hepassaged e%eetremgaeﬁe energy-through-the atmesphere - B
was conducted as a part of the system analysis portion of the Feasibility

Study. The purpose of this study was twofold. First, it was necessary to
determine the variation of the propagation errors wtth frequency and ele-
vation angle* to aid in the selection of the operating parameters for the
AROD system. Second, it was necessary to estimate the errors as a fanc-
tion of elevation angle and vehicle altitude at the operating frequency (2 Go)
selected as a result of the system design study summarized in Section 3.
The results of the investigation into propagation errors are contained
in Appendix B As indicated in that appendix, studies that had been performed
up to the time of this investigation were not as complete and conclusive as
desired for the AROD analysis; however, extensions of the propagation studies
"~ were beyond the scope of the AROD Feasibility Study. It is necessary, there-
- fore; to treat the propdgation error data as tentative, ﬁ;ilerawaiting the;‘ev
sults of additional experiments currently underway or plamxed for the near -
. iumre
The nmgmtude of the propagation errors is a ftmction of many vaﬂables,

and for a general analyms‘ of the errors the reader is referred to Appendix B.
However, for the purposes of this section, the results of the propagation study
can be summarized by presenting its conclusions and graphs of the mzgnitudes
of th{i propagation errors at the selected operating frequency.

*Elevation angle is used in its usual sense, see Appendix B, F1gure B-7
fot a specific definition.




In summary, the tentative conclusions of the propagation study are:

1. Unless a correction based upon the spacecraft's altitude and elevation
angle is incorporated into the vehicle computer, propagation errors more than
an order of magnitude greater than those due to the uncertainty in ¢ will be intro-
duced. It is recommended, therefore, that such a correction be included, using

' a "standard" {worldwide) atmosphere; utilization of local and/or :eal Hme at-

mo‘spheric data 18 not Jusﬁﬁabie. (The next conclusion ammes ﬁizt a “Standarﬂ" -

N atmg ffeq:mncy be 'm the kﬂomegacycle regmn ané thit‘RBOD ﬁﬁsuréments
- restricted-to elevatm«amgieagreaterfhanv-ﬁr» T T e o e e o e

correction has been employed and refers tao the residual errors aﬁer the 3@“ P
tim:of such a eorrection.)

..... 2 et e i e ke

ﬁ
- 1U avum Lcanmau pxqpaﬁmuu ©1

To complete the summary of the propagation error study it is now conven-
ient to anticipate the results of Section 3 and to present, in Figures 6 and 7, the
propagation errors encountered at the selected operating frequency, 2Gc. The
errors indicated in these figures are the residual errors (standard deviations)
remaining after the application of a standard correction.

2.2,3 Equipment Errors

In this section, each source of error (in the equipment to be discussed in
Sections 3 and 4) that is under the control of the equipment designer is identified
and analyzed to determine the functional relationship between the magnitude of
the error and the s1gmf1cant parameters of the AROD system These relation—-
shxps will be used later (in Sectmn 2.5) to eompute the error magnitudes and
"budget" errors for the estabhshment of equxpment performanoe ob;ectwes.

2.2.3.1 Thermal Noisee o

In the range measuring circuits employed in the AROD spaoecraft configu-
ration,* the error due to a finite signal-to-noise ratio can be obtained from:4

*By directi ‘p of NASA's Contracting Officer's Representative the AROD Feasi-
bility Stu was restricted to the sidetone ranging system &scrmed in Sectmn
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AR _________I_]_l___ (1)

411'72 S/N

range resolution or error

- = waveleagth of the rapge measuring-tone - - R
~ the signal-—to—noise ratio in the two-vsxded N
* phase-locked loop bandwidth.

a—-j;; aﬁc:ar re!ateﬂ' ﬂ;e prchabmty of a pamcm B

A derhzanon oi the most significant pa.rtof this equation is. contamed
in Section 4.
In addition to the thermal noise 'errors introduced by the range meas-
uring tone (fine ranging tone), the errors due to the ambiguity resolving
_tones (see Section 3) must also be considered. For the ambiguity resolving
tones, the general equation given above still holds, but it is desired to in-
sure that the probability of making a:nlsttke {n ambiguity resolution is very
low. For this reason, k = 4 {8 recommended for determining the signal-to-
noise requirements for ambiguity resolution. Becausé of the low probability
“of an error in any ambiguity resolution (.0001), it is deceptive to compute a
total rms range error including the errors contributed by the ambiguity
resolving tones. Instead, the rms error for the fine ranging tone is used
in the error budget with the qualification that this will be the rms error for
~.rmore than 99.9% of the time. It is expected that a "reasonableness test”
performed in the vehicle'computer can easily reject the errors introduced
‘ byﬂxe umbiguity resolving tones for that small portion of the time when these
are in error. - o
With respect to the errors in Doppler due to a finite signal-to-noise
ratio, it has been shown® that the rms range rate error for measuring equip-
“ment similar to that used for the AROD measurements* can be expressed




- 2.2 3‘2 Instrumenmtion Errors

of equipment that have been tentatively specified for the AROD xm;llem&a—

where:

gp = Trms range rate error (in meters per second)
T = cycle counting intexval (in seconds)

At = transmitted carrier wavelength (in meters)

_Included in thxs categé‘y are the errors caused by the spec:fxe pieces«r

tation ¥

S

BRSPS s-*
(1) Oscillator Instablhty

For the sidetone ranging system specxfxed for AROD three types

of oscillator instability must be considered: long-term instability (days),
very short term instability (milliseconds), and random, thermal-noiselike
instability. Because the experimental data necessary to determine the
exact, %robabiht.y distribution for an oscillator's output are not available, the
long term and very short term effects were separated from the thermal noise
effects in the Féastbility Study. For the first two effeéts, manufacturers’
data qn oscillator stabilities were examined; for the last the " permd of co-
herence" concept, as defined by Ed:son,6 was used.

The effect of long term instability on the range measurement is
that the range determination will be in error by the same amount that the fine
ranging tone is in error, if a phase measuring device is used. Alternatively,
if a digital time measuring circuit is used, the error will be the same pro-

portional error a8 in the clock generating the digital timing pulses. In either

cage, it is the proportxonal errm' in the basic oscillator in the spacecraft
that is the determining factor for the range error introduced by this source.

*Relatunstic effects are not discussed as a source of measurement error be-

- cause they can be shown to be negligible. Most relativistic effects (e.g., change
in length of a ruler and change in clock rate due to relative motion between
spacecraft and ground station) are of the order of (r/e)“, or less than one

part in 109. To eliminate an error of the order of /c in the calculation of ¢+

Cfrom the Doppler frequency ‘*d; itwill h&ﬁeeessary to use the mmm
fg{c-T) = 2, I rather than the usual spproximation f4 ~2ff/le. ,
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' the maximum propagation delay will be approximately 50 milliseconds.”

In operation, the long term stability that will probably be of most interest
is that specified for one day. For those AROD missions with a shorter

duration, this represents a conservative estimate; while for longer missions,
. ong

updating or calibtating via ground command should be possible, if it is found

, L The effect (on the range measurement) of very short term dnfts inthe
ﬁmramngmmnmornmtmmmmmmﬁmpmse drift R
5"uﬁn§ the transit time required for the energ ) propagate "'"QBLLE space-—

mﬁmﬁegmndsmimammmrn. bmcememax;mnmrange manwm

* For the random thermal-noiselike effects, it has been shown’ that the
p!iase error in a phase-locked loop due to oscillator instability, assuming
that the frequency power spectral denstty for the oscillator system is white

~ and of zero mean, can be expressed as:”

x

2 _ 1+ #n/K?2
€T 2w, T, 3
where:
62 = mean square loop error (in radians?)
wp = undamped loop natural frequency (in radians/sec)
K = open 1oop DC gain
{ = ratio of actual loop damping to critical dampmg
- Tog = emuvdentccherenceﬂme of the aeciilator o

system(heeconds)

As defined by Edson, coherenee time, or period of coherence, is the time
interval required for the standard deviation of the oscﬂlator phase to increase
to one radian (when compared with a perfect osczllator)

tered for the AROD missions studied {s 4000 nautical® miles (cor-
' respcndmg to an altitude of 2000 nautical miles and an elevation angle of 59),




Equation 3 has two attendant difficulties. The first is that its derivation
is based upon an assumed probability distribution from which "drifts" in the
oscillator output frequency are excluded. The second difficulty arises from
the fact that practicai oscil!axors do drift; consequently, measuring the co-

o instabﬂity is ﬂifﬁcuit. » For ﬁwge reascms, use of the coherence time concept

in the AROD exrér analysis has been restrioted to the thermal-noiselike m—'
swailkéea& and theomtical estimates (rather than measurements) of the co—-

: rhetenee- ﬁmedue to white zero-mean noise has been used in the error bu&et :

ureﬁ:ents 'has aIso been mcluded in Sectian 2 5 to shnw that coherence ume ' ’

“effects are of second order importance.
To convert Equation 3 to a form more useful for the AROD error com-

putations, the assumption iﬁ made that the loop gain is large compared with

the loop natural frequency. The rms range error can then be expressed as:

7r = xy2%emTos @

where: A T wavelength of the fine ranging tone.

#h additional formula is necessary for determining error magnitudes
due to coherence time considerations. This formula relates the coherence
time for an oscillator system (Tce) used in a typica.l phase—locked recexving
syttem to other oscilhtors in the system It has baen shown5 that

- , n 2. L
YT =T, +1/'r +1/'r Zak e - B)
) ' k? o
where:
T,, = coherence time of the voltage controlled oscillator

in the loop
coherenee time of received signal

i
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Tc' = coherence time of basic oscillator used to derive all -
other oscillators
‘ 8 = multiplication factor applied to the common basic oscillator

to yxeld the k™ oscillator ﬁ'equency

— (2) @Sﬁtkm w T S T -

okl = e F i o
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where wy = Doppler frequency (radians/second)

d tmspfmder a pbase errorwﬂl be mtraiueed wiﬂch —

t which the .

energy mést passio increase ﬁe signal-to—aeowe raﬁo at the transmitter ‘

output-and-the phase center shifts introduced by the antenna.  Since the fine -
ranging tone and the ambiguity resolving tones are generated and extracted
as the difference between two higher frequencies, it is the differential phase
shifts between frequencies that pass through the signal processing circuits
that is of importance. -
- {38) Spacecraft Receiver Fﬂters 4
When the (transponded) energy returns to the spacecraft receiver,
errors similar to those introduced in the ground station fiiters are caused
by differential phase shifts in the receiver filters. The filters in the space-
craft receiver must be designed to minimize these differential phase shifts.
{(4) Velocity Induced Phase Error
If a standard phase-locked loop is used, there will be a steady
phase error due to a constant Doppler frequency on the input signal. As'in-
dicated in Section 4.1.3, the magnitude of this phase error {in radians) is:

o = wa/K
or " | _ (6)

$p = Anfa/2K  (in meters)

1 4




This tracking error can be reduced by the t.lsev of rate aiding {velocity bias
compensation). (In Sections 3 and 4, this approach is }ndicated to be desira-
ble, and a specific implementation is discussed). An alternative approach
toward reducing this error is the computation of a correc;ion in the space-
mmﬁ e
~_{5) Acceleration- Induced Rasge Errors

. Hthe :I)opplet frequency on the !nput sxgnal is changing a stanéard
phase-locked Joop will bave an additional ﬁase error. This error will add~

r;totbatwgiveaby Equat;mﬁandcmeamerror thatgrowswztbtimeﬁ -

Secﬁon 4 13 ﬁxe phase error due to the changmg Doppler is - S

%e = wd/wn {in radians)

or . (7
A fd
~¢r = 52| ~3 ) (inmeters)
v
. , . af :

where &, = rate of change of Doppler on the input signal (radians/second?)

This error -may be reducible by the use of rate aiding. Alternatively, com-
puted corrections may be used to reduce the acceleration induced error.

(6) Timing and Controls
Uncertainties in‘ the exact time of occux:rénce of critical signals in
the spacecraft, delays in the spacecraft circuits that have not been accounted
for, a.nd other timing and controI errors result directly in range errors.
B Range Rate Errors '
() Oscillator Inatability
The range rate errors introduced by oscillator instabilities will be
discussed in the same manner as the range errors. Three types of instability
will be considered: long term instability, very short term instability and
random, thermal-noiselike instability. :
The range rate errors introduced by the long term drifts of oscxlla—

" tors areq;timgrﬁg due to the trasslation-oscillators (see Section 3). Amy-= = =




drift of either the translation oscillator on the ground or in the vehicle will
cause an erroneous Doppler estimate. The fréquency error will be equal
to the magnitude of the frequency drift.

»

_ Due to very short term instability, the carrier frequency (from which

- will be reﬁected directly 8 an error in the ‘estiniite of the Doppler frequency
frhe mermmmmbﬁum wﬂragain be discussed in terms of =
cohérenoe tlmé Wmi the same restrictxons anﬁ diﬂiculties as In Ramze Errors. ‘

0p = ——tid (®)
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wavelength of transmitted carrier
T = the' propagation time for the signal energy
T = cycle counting interval
coherence time of the received carrier frequency
(in seconds)

=
¢!
o
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and where it has been assumed thet T >r. Since the shortest T anticipated
is 0.1 seconds and since the maximum 7 is 50 milliseconds, the last ine-
quality will always hold. ,

«2)- Timing and Controls , : . : .

- The total timing error that is anticipated in the spacecraft equip-
ment will result in an erroneous.-cycle counting time. The range rate in-
accuracy will be proportloml to the timing error divided by the cycle count--
ing interval.

2.2.3.83 Quantization Errors

, : '
The rms error in the range measurement introduced by the quantization
"box" is equal to the size of the box, in meters, divided by the square root

- of twelve. ,er&taerrer can be computed. m%e manner Indicated In .

Section 4.1.4 for the ayde cmmﬂq method- seleated for the Feasibility Study.

T '.',""":‘,'T RS E TR “‘;Z‘:'*;’“"f:'j‘?“’ o i e e 25 RIS “""1":"‘ R e e i R ~ L

TS ST

red) can drift durmg the propagation time. This drift . ‘ 7

7 stabllitxes of the whxte zero-mean type st -




2234 Hu}.tipath Errors

The range and range rate errors due to multiple transmission paths

- are so strongly a function of the system design and the ground antenna design

that Section 4.2.4 has been devoted to this subject In that section the func-
tional relationship between the error magnitudes and the system geometry
is derived fm‘ thf: gpec;ﬁc ground antenna design selected. {Anticipating the
results of Sectmn 4 2. 4, tbe multipat.h error magnitudes are negiiglble for

all elevation angle'sf"except ‘those very close to the. hanzcn) -

--All-of the error sources previously discussed contribute to the AROD
"measurement errors," i.e., the errors in the basic AROD measurements,
range and range rate. An additional error source that must be considered
in determining the "system errors" is the lack of precise knowledge of the
locations of the ground stations. This subject is analyzed in detail in Ap-
pendix C but this subsection will summarize the information contained in
that appendix.

For the purposes of the system analysis portion of the AROD Feasibility
Study, the question to be asked concerning these geodetic errors is simple
enough: ""How precisely are the locations of the ground transponders known?"'.
The answef, unfortunately, is not as simple, but rather depends upon many
factors. The most important of these factors are:

1. The surveying technique used to determine the transponder's

- location (and the number of times the location determination
“—is-repeated). . e i : .
2. . The year in which the survey is to be performed (more accurate -
t;echniques are a few years away). )
3. The general geographic area in which the transponder is located.
4. The relative geometry between the transponder and the network
- . elements used in the surveying technique. :
5. Whether the transponder i8 oceanborne or land-based.,




To provide as accurate an analysis of geodetic errors as possible, a
subcontract was awarded to Geonauties, Inc. This subcontract was con-
cerned with what were, from the standpoint of the Feasibility Study, the two
most important aspects of the general geodetic problem. First, it was nec-

;'essary to estxmat;e the gecdetic accuracies expected Y‘rom the appﬁcaﬁ‘on T
of advanced surveymg techmques to. land-based statiens in order to determine

the AROD system performance. Second it was nécessary to estimate the

~ accuracy with ﬁli@ thg pesit:on and velocity of a movving ship could be de-

termined, buﬂzfor plming purposes for early AROD flight tests and to serve -

"flxed" cceanborne tr arsponders for the determmat*en of ov erall performance

of the operational AROD system

This subsection is principally interested in the problems in determining
the locations of the land-based and "fixed" oceanborne stations; the ship's
velocity determination problem is discussed in detail in Appendix C.

A summary of the principal results of Appendix C with respect to "fixed"
stations is contained in Tables 2 and 3. In Table 2, estimates of the adcura-
cies achievable with various geodetic techniques are presented for fixed ground
stationf. The accuracies indicated for HIRAN could be considered typical of
those that might be encountered in early AROD feasibility flight tests. In later
phases of the AROD program, ground stations will be installed in remote areas
that do not have very accurate ties to the North American datum. For these
stations, thérefore, the expected geodetic errors wiu be greater; for example,
current estimates for the Project Mercury tracking stations in Australia in-
dlcate an rms error of approximately 60 meters By the time that AROD be-

comes operational, however, it is expected that the use of geodetic sateuite
systems will achieve significant improvements in datum ties.

On the basis of the estimates presented in Table 2,a value for the station
coordinate errors of 7 meters (standard deviation) was selected to illustrate
- the capabilities of the AROD system in the summary portions of this report.
Additional déta indicating the effects of geodetic errors of different magnitudes
are included inAppendix A. ! :




Table 2

Comparative Accuracies of Methods for the Determination
of Geodetic Positions Over Extended Land Areas

Method

g

Estimated Accurocy

__ (Standord Emor)

Remarks

' Hiran Trilateration

1 (1962)

1:100,000 0 1:170,000 |
or 18' ~ 30" ot 500 miles

Suitable for surveysover

remote areas on localized |
 datums. Limited inter-

continental capability, 500 |

-t - - -
Hies Mmuximun ange .

Shiron Trilateration
(1965 est) |

1:300 000 to 1:500,000 |
or12''=20'at 1000 .

-
miles

Expected to provide accu- _ |

<

rate control extensions over |

distances up to 1000 miles.

Photogrammetric
Flash Triangulation
. (]9“ “'0) g -

1:1,000,000 or better*

Additional development re-
quired to make fully opera-
tional. , )

Geodetic Satellites
(1963—64 est.)

t

1:500,000 or better

(electronic trilateration).

1:1,000,000 (photo~
grammetric stellar tri-
angulation)

Under development.”

* The time at which this accuracy will be achievable
the effort expended in improving star catalogs.

is strongly dependent upon




The second problem in positional accuracy determination concerns the
shipborne statioﬁs. This problem is twofold: first, the initial position of
the ship must be determined; and second, the ship must maintain this posi-
tion. A list ﬁ the applicable techniques for initial positicn determination

"_Ma sh;p sposmonwas beyond thz scope ofthe Feasxbﬂity Study -
bu“ﬂ.s very prq:erly a subject for further investigahon in  later phases of
V—VV—the &R{}}}pregram -One teehniaae that appears &ehoid much promise as

e n-‘ﬁ 4"% e § i !,—-ﬁn&un 4-: “n " ] sonin knmra \nvknco nasitirme hawva
an 2
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Now that the sources of error in the AROD system have been identified,
it is necessary to combine their effects in a general aﬁalysis for varying
spacecraft-ground station geometries. The purpose of this analysis of the
Geometrical Dilution of Precision (GDOP) is to determine the errors in the
spacecraft's position and éeiocity"‘ due to measurement errors and geodetic
errors. .

In an extensive analysis‘(Appendix A), a range of values for the meas-
urement errors and station ¢oordinate errors was assumed and the errors
in position and velocity were determined. The information contained in that
appendix can be summarized by outlining the procedure followed in the anal-
ysis and presenting some of the test results. The equations relating the
vehicle's positxon and velocity (and the associated errors) to the range and

range Tate readmgs (and ‘associated errors) and the ground station locations

' (a.nd associated errors) were first constructed A ﬂexible computer program

was then written to determine the position and velocity errors resulting from
various measurement and geodetic errors. Representative ground station
configurations and vehicle trajectories were then entered into the computer
and the resulting errors were calculated. The derivations for the GDOP
eqﬁations, a description of the computer program, and the résults of the
computer tests are preéented in Appendix A.

—’“‘Iﬁ;ﬁxé'Fé‘lasibﬂity Stadyit wad aﬁéémed that these wére ihe parame%ers io’

be computed {rom the range and range rate readings.

2.3 -Geometrieal Dilution of Preeision -~ - -~ .. ...




Table 3

Eshmafed Repeatability of Methads for the
“Detemination of A Ship's s Position

- Estimated Repeatabihty
{standnrd devmhon} ?ﬁme{ma ins} E
1 LORAN C* 7 ] Instantaneous occumcyu - '71400 (groundwave)
(1962) +500 feet (groundwave) or 2000 (First-hop skywave} | <
+1 - 2 miles (skywave)
+ 3000 feet {under optimum 6000

Omego
(operational in 1965)

conditions)

11 mile (average conditions)

Transit +300 feet or better ship within line-of-
(1963) s»gKf con utilize the sat-
ellite's signals.
Combmoh’n +300 feet may be achievable | A ship within range of a
(e g., LORAN- over extended areas LORAN net could update
Tronsit) : sition periodically
wrt accurate readings
from Transit,
: tric +500 feet if LORAN C is Localized Areas -
| Techniques used for initial tie.

+150 feet if flosh triangu-

o kthn is used for ;mﬂ(ﬂ ho.

. * The incremental error between two pmx:mote position determinations is much
_ smaller than the absolute error.




Although it was bejond the scope of the Feasibility Study to perform.

an extensive system analysis and optimization for all possible AROD con~

figurations, some fignificant results were achieved through the use of the

GDOP program described in Appendix A. The most mg;ortam of these
results were: ..

“I. An estimate of system performance for varyixg geometries

" for the medsurement errors associated With a representative

e uipment implementation. e — - - -
) _wr:.n c;::s;ims.c of the oplimum ralaqcnsi‘u,, bet'.-:ee" St?.i!'.’,'!‘. coor- 8
dmateermrs -and range measurement acouracy. i ‘ B
A demonstration of the important effects of baseline dlstance T

The system performance analysis can best be summarized by presenting
the results of the computer tests for trajectories, baselines, measurement
errors,* and station coordinate errors chosen as "repi'esentative" of the ex-
pected AROD configurations. The three trajectories selected for analysis,
and shown in Figure 8, are:

1. A circular orbit over one side of an equilateral-triangular

" station deployment.
2. A circular orbit over one station and bisecting the other
side of the equilateral triangle. ’
3. A circular orbit parallel to one side of the triangle but out-
side the trxa.ngle by a distance equal to half the length of one
side.
The performance of the representative AROD system for these trajectories .
is indiéated in Figures 9,10, 11, and 12.

“The measures of effectiveness used in these figures for indicating sys-
tem performance are the radius of the uncertainty "sphere” surrounding the
vehicle's computed position (for a 68% probability) and the same radius for
the con;puted velocity. The meaning of these measures is discussed in Ap-
pendix A and their relationship to the err;)r ellipeoi_ds is also presented.

*The Teasons fﬁf seléetiag the: measm‘emeat error values-sre dﬁe&s&ed
in Section 2.5. . L - ,




h Orbital Altitude
=Ground Stations

S = Boseline

Computer tests begin with spacecraft
ot position indicated as t = 0.
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Several aspects of these figures deserve further dismssion'a.nd clari~
fication. One significant point is that a minimum elevation angle of 5% was
required in the tests for measurements to be acceptable; since the time
scale begins as indicated in Figure 8, the measurement data do not necessar-
ily start at t=0. The reason that the coverage intervals &o not comciae in
time is that the spacecraft comes into full view of the three stanons al dlf- ) )
ferent. times for the three dlfferent paths. n Figure 9, no data for Path 3

appear because the spacecraft was never above the 50 minimum elevation -

angle with respect to station 2.

:,::;,;gﬁ‘f*i *’:%i"“j;!,;;“ii:; f :;::,,:"_ij , - A are. R !tﬁ fufﬁer . % = :fﬂ "EWEW IE* ;
sults the positlon of the spacecraft thh respect to the ground statxons can

be determmed and it can be‘ seen that for the tra;ectorles mdlcated ‘the
particular path followed by the spacecraft usually has very little effect on
system performance. For the summary curves appearing as Figures 4 and

5 in Section 1 of this report, path 1 was selected as being representative

of system performance. In those figures the locations of the ground stations
are indicated.

The advantage of selectmg the baseline (S) as a fnnction of spacecraft
altitude can be seen by comparing Figures 11 and 12. For a world-wide
AROD network, it is envisioned that stations at 500 mile separations might
be installed to track vehicles at altitudes as low as 90 miles; if these stations
exist, vehicles traveling at altitudes of 2000 miles should use stations sep-
arated by 1000 miles or more. ‘

In the representative system design discussed in Sections 3 and 4, pro~ |
vxsmn has been made for utxlizmg measurements from iour ground st.atmns, '
with this ﬂemhxhty the three stations with the best geometry can be selected
dynamxcally in the spacecraft

To avoid mathematical complexities that were beyond the scope of the -
Feasibility Study, the usual assumption of constant measurement errors through-
out the trajectory was necéssary. In actuality, the measurement errors will .
vary, as indicated later in Table 4. I is therefore recommended that an analy-
sis of the effects of non-constant errors be conducted as a part of the next

 phase of the AROD program. 1 1 o onmoammRme o
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The AROD GDOP program can be an extremely useful tcol in the selec-

tion of appropriate system parameters as illustrated in Figure 13. In this
figure, the radius of the position uncertainty sphgre over the center of the
ground station trigngle (normalized for conveniexice as indicated in Appendix
'Aj*'isjiﬁtteﬁ as a function of the range measurement error for vaﬂm*vaitues-
of stamon cootdmate errors. The strong dependence of positional accuracy ’
upon the value assumed for the geodetic errors can be seen. Using the data

_in Figure 13 and the 7 meier station coordinate error aeleuad as ''represen—.

.ot

. tative“ in subsectlon 2 2.4, a range measurement error of approxxmately
melers soems-to he a reasonable equipment- gartermaaee obieeti&e -
'Operatmg ata hxgher ‘measurement’ error, for example ten meters; “would de—

‘grade system performance significantly, while reducing the range measure-
ment error to one meter would not improve system performance appreciably.
In Appendix A, it is shown that the effect of range measurement errors
and station coordinate errors on the error in the computed velocity for the
gvehxcle is of secondary importance (for range rate measurement errors as ‘
small as .02 meters per second). The primary deternfning factor for the
velocity error is the range rate measurement error, for the error values
investigated. |

2.4 Smoothing

"The remaining factor to be considered in determining the performance
of the AROD system is the reduction in errors that can be achieved through
the use of smoothing in fhe vehicle. A specific caleulation of the error re-
duction achievable th;‘ough smoothing must await a detailed analysis of tke
final equipment-implementation and the statistics involved in the error sources.
However, it will ’probably be the case that many of the major error sources 7
are not smoothable. Several examples of errors that will definitely be non-
smoothable are the station coordinate errors, the errors due to the uncer-
tainty in c, and the bias errors introduced by the propagation medium.

(The significance of biased errors would be greatly diminished, however,
if incremental errors in range, range rate, posmon, and velocity were of

: interési to t'ﬁe user of the AROD aystem. n this case smootﬁmg of the z‘ﬁxicztl.”fi e
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Fzg'ure 13. Influence of Range Measurement Ervors and Station
Coordinate Ervors on Positional Accuracy




. R zZero-mean errors couid result in substantial improvements in incremental
aceuracy).- ’

An additional factor that may reduce the "utility of smoothing is the possi-

ble requirement for computations during p.ower‘ed flight.

L , ‘ ,,anv.ﬂmt,me ,functional r,elatlonships benveen the error ,magbnﬂitud,es_ and
. the significant AROD parameters have been established, and the GDOP and

P Py |
110n81 a"pg“?w"" C}‘z {uvr"‘“%'"l %ut&"“‘ -

men performance ob}ectives can be attempted = Rather than hmii
the AROD Feasibility Study to one specific performance .Objeg,,tzve., itwasde-
cided to seek results that would provide more general information concerning

feasibility. Specifically, two families of curves were sought, one for range

and one for range rate, which would present graphically the variation of the

AROD measurement errors with spacecraft equipment penalty, using ground

station capabili:y as a paf‘iameter. Measurement errogs were chosen as the

meagure of effectiveness rather than system errors (m position and velocity)
. because of the strong assumptions that would have been necessar;to utilize
the ilatter. It wquld haverbeern necessary to assume, idr the statwon coordinate
errors, values that would have a strong influence on the system performance.
It would also have been necessary to assume that the parameters to be com-
puted were definitely position and velocity, and that orbit extrapolation was not
the primary eonsideration.

- From the resulting families of tradeoff curves, the feasibility of AROD
could be determined for each application. A potential user could consult the
curves and determine whether the combination of AROD spacecraft penalty
and ground station "co‘st" for his required measurement accufacy were tol-
erable, and whether the ARQOD approach would have a lower overall system
"cost’’ than other approaches.

To construct the feasibility curves it was decided to perform a {airly
detailed design study at one specific point, and then to extrapolate from this
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‘,‘ . to the selection of the appropriate measurement errc;rs and spacecraft
penalty for the detailed design study, since the equipment estimates would

v be xsvst accurate at this point. For several reasons, selection of the design
- : pomi’ was based primarily on range measurement errors rather than range

e 7 e a o = - . e

rate errors Fxrst there exist no  published data on range rate errors m— ’
» troduced by the propagation medium at aﬂ of the frequencies, altitudes and
ST e ranges ﬂf interest to AROD.* Second, it is known that the range rate errors

EOE ] ~ Third, the comnletelv uncontrollahle error source, the uncertamty in e, be-m
S— ca;éwa for range rate erfors at cerfain points ina trajectory; ‘conse-
- ' 7quently, attempts to keep errors "i.n balance" become meanmgless at these
points. Fourth, the cycle counting time cannot be specnfled deﬁnitely at tlus
time.
The desired procedure for selecting an apprdpriate objective for the
range measurement error was to estimate the errors due to all sources and
then estiméié t;he'region whrere'the decreases in the total range measurement
. error became significantly smaller as the equipment penalty was increased.

Although it was desired to utilize this procedure throughout the AROD oper-
ating envelope, the complex variations of the errors with the spacecraft's
position necessitated the selection of a particular point in the envelope as
representative before the start of the optimization procedure. Since the
specified range of altitudes was 90 to 2000 miles, an orbital altitude of 500
miles was selected as representative of the spectrum of system missions.
With propagation and multipath consxderatmns li!mtmg the minimum eleva-
tion angle to 5° (see Section 3), the maximum range encountered would be
I~ 4000 mﬂes, therefore, a ‘range of 1000 miles was selected as representative.
o The elevation angle correspoadmg to h = 500 miles and R = 1000 miles is 239;
this angle is also representative in that it is the angle within which a vehicle
in an overhead circular orbit will be for approximately half the time that it
is within view of a ground station.?

‘the basts for the range rate errors presented in Appendix B and Seetxon 2.2. 2.

-

s TN S ST e T LLEDL e .«,4435,,,"‘;';;}.;; Ser S D LS L mt S LT “‘,’ RIS i :w’ RSFE .



. - It must be emphasized that the "representative’ point was only used to
aid in selecting appropriate performance objectives for the various portions
of the AROD equipment; it was not used to determine the limits of system

o performance. The system which was designed and "implemented" as indi-

T T 7 T cated in Bections 3 and 4 can operate satisfactorily at all points throughout

o the AROD uperating enveh:!pe R can provide satisfactory sxgnal—to—-nowe

, 'tatios atthe mximum rangeaswell as track the rapxdlychangmg Doppler

Havmg dxscussed the reasons ior the select’ion of the re‘presentatwe -

to the various sources, we will now proceed with the analysis leading to the
establishment of the error budget shown in Table 4. It is important to note
at the outset of this discussion that the error budget was not established on
theoretical considerations alone. Rather, continuous feedback from the equip-
ment designers was used to allocate errors and revise the budget. Thus, the
error budget indicated in Table 4 is the result of many iterations.

A discussion of each of the error sources will now be undertaken, with
continual references to Table 4 and Section 2.2.

2.5.1 Uncertainty of the Vacuum Velocity of Light

Using the value of one part per million indicated in Section 2.2.1 for the
uncertainty in ¢, the errors in the range and range rate measurements due
to this uncertainty are those listed in the hppropriéie rows m Table 4. The
values for range and Doppler for the various points in Table 4 were obtained
from standard tables.? At the representative point located in the center col-
umn the (standard) errors due to this source are 1.9 meters and .006 meters
per second.

2.5.2 Propaga,tion’Errors
. In establishing performance objegtxves. the basic prineipleof keepmg

point and having introduced the procedure to be followed in budgeting errors

"in balance" those errors whose red&ction requires Iarge eqaipment penaltxes
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Table 4

Measurement Error Summary for Various Points in the AROD System

Magnitude of nis erior for circular orbifs with height

{in noutica! miles), ronge (in nouticol miles) ond ele-
e - veﬁemang!o shown. . .
h=90 h=90 h= 500
— s - =9 R=400 1. R=1000
= o EeRP | E= . LEs2P
RANGE ERRORS a (:nﬂen) 7 (maen)r (}ﬁeters)
Uncertaity inc. | 047 e
Propagation (residual ot 2G <.l 0.9 19
Therma! Noise {unsmoothed) 0.16 0.52 12
{nstrumentation:
Oscillotor Long Term Stability < 000017 < 00011 < 00019 < 00037 < 00073
Oscitlotor Very Short Term Stability |< 10-3 <10-3 <1p-3 <10-3 <10~3
Oscillator Coherence Time <0.09 <009 <0.09 <009 <009
Ground Station Filters, etc, <05 <05 <05  t <05 <03
Spacecraft Regiver Filters <05 <05 <0.5 , <05 <05
Vehocity-ond-Ncoe! ~induced emors] 0.4 01 001 0.008 0005
Timing ond is <09 <0.9 <0.9 <0.9 <09
Quantizetion 0.29 029 0.29 . 029 029
Moltipath <01 <02 .| <obi <01 <02
Total Range Error <13 <19 <43 <85
-

RANGE RATE ERRORS: {m/sec.) {m/sec.) {m/sec) {m/sec.) {m/sec.)
Uncertainty in c. 0 0.008 0.006 0 0.004
Propagation {residual ot 2 Ge) 0.12 006 0.012 0.002 0.025
Thermal Naise {unsmoothed) 0.0039 0013 0030 0039 0.039 -
Instrumentation:

Oscillator Long Term Srability < 0.005 <0.005 <0005 <0005 <0005
Oscillotor Very Short Term Stabtilty | <0.0015 <0 D015 <0 0015 <0.0015 <B8.0015
Oscillotor Coherence Time - : <0.0005 -4 <0002 <0002 <0.002 <0003
Timing and Controls 0 <0.0005 <0.0005 0 <Q.D005
Quontization 0.0075 0.0075 0.0075 - 0.0075 0.0075
Multipath . . < 0.001 <004 <0001 <0001 . <D 02
Tota!l Range Rate Error 0.12 <0074 <0040 | <00s1




x

- sentative- pemt are 1.9 meters and 0.012 meters per second.

' number of storage locations (for a table) or an apprommaﬁon -{for tformia)

was followed. For the propagation induced range errors to be in balance

with those due to the uncertainty in ¢, and to avoid the high spacecraft equip-
ment penalty associated with operation at higher frequencies, the nominal .
AROD carrier frequency was chosen to be 2000 Mc.* At this frequency the

~ residual propagation errors remaining after the application of a correction — — - -
based upon a standard worldwide a.tmosphere are those shmin Figures 6

and 7. As recorded in Table 4, the propagation indueed errors at the repre-

Smce a gropa.gauon correction table or formula must be stored in the
: r; a "quantization” error may also exist dne ma,m

The ‘magnitude of this error is difficult to determine because it depends
strongly on how well the altitude of the vehicle will be known. It will ‘prob-
ably be possible to make this error negligible, however, because even in the
worst case of an unknown vehicle altitude, a table of approximatel; ’300 six-
bit entries would result in g range correction quantization "'box" of one meter. -
The rms error due to this box size is 1111‘2— meters or less than 0.3 meters,
which will have a negligible effect when added in a "square root of the sum

of the squares" manner to the other errors. This error has therefore been
assumed to be negligible in the error budget.

2.5.3 Equipment Errors

The primary purpose of the system analysis portion of the Feasibility
Study—the estahlishment of appropriate equipment performance ob;ectives—-
can now be fulfilled. The basic approach followed in allocating equipment er-

- rorswas tokeep the errors compatible with those from other sources and to

allocate the largest errors to those sources requiring the greatest benilty
for further error reduction.

*See Section 3 for an extensive dzscussion of the reasons for selectmg
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’ R '2.5.3.1 Thermal Noise

The estimates of thermal noise errors presented in the error budget
(Table 4) ignore the reductions that might be achievable by smoothing be-

e cause of the possibility that anoothmg may be prohibited by missicmr re-
R quirements (e.g., posinon determination during powered flight).

- e - A. Range ﬁz«rors o - - s : Pt

4‘ B , The hasic formula fa:r computing the range error due taa finite .

sxfnal-to-no:se ratio is Ecmation 1lin Qeotinn 2231, Hnwpvpr Meanm ;
* signals (seé Sections 3 and 4, three phabe-locked loops must bé cmsxde]f

necessary to take into account the thermal noise errors caused by all three
loops. The errors will add in an rms fashion since timey are uncorrelated.

To determine reasonable objectives for the thermal noise errors,
the first consideration is that they should be approximately equal to the rela-
tively uncozitrollable errors, those contributed by the uncertainty in ¢ and
the propagation medium. If the thermal noise errors are much larger, they
dominate the other errors and the total measurement errors increase
rapidly. If the tHermal noise errors are much smaliler than the others only
a slight improvement results.

On the basis of threshold considerations in the phase-locked loops,
available transmitting components, spacecraft limitations, ground antenna
design considerations, and other feedback from the equipment design study,
an objective of 1.2 meters rms was estabhshed for the thermanoise error _
at the representative point. The performance objective was also estab-~
lished for the ambiguity resolving tones that the probability of an error in
ambiguity resolution be less than .001 at the maximum range of 4000 miles.

. The signal-to-noise ratios that exist in each of the phase -loclked
loops are computed in Section 4.1.3, and presented in Tables 9 and 10. As

iiie 1rm=; nmgxq-ma is derived as the difference uerween iwo phase-iocked -~

+ These loops operate at frequencies of 2000 Mc, 2005 Mc and 5 Mcanditis .. .. . .
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indicated there, the range of variation possible in the signal! dynamics
requires the use of phase- Iockei! loops with a switchable «y for tracking
the 2000 Mc signal and the 2005 Mc signal. The altitude chosen in4.1.3
for switching loop characteristics is 500 miles, the same as that for the

Tepresentative point.- Consequently, two answers are possible when com-— —

puting the thermal noise errors for the representative pomt. For Table 4
the larger error was (a.rbitrarxly) selected; if the smaller w (and conse~
guently, the smaller loop noise bandwidth) had been used in the cumm;tahan,
the thermal noise errors in ra.nge and range rate at the represent;t;é
poim w&id:hzve heaa smaiiez 9158 meters in ﬂxe case ai t!mmge erm:.

"B. Range Rate Errors

For the reasons cited earlier, primary attention was giventothe -

range measurement errors in the establishment of the equipment perform-
ance objectives. Sufficient information was obtained to achieve the study's
primary geal—the generatlon of the famﬂy of feasibility curves for the

range rate {(and range) measurement errors-but optimal seiection of a

range rate design point was not emphasized. For those missions in which

the range rate errors are the primary consideration, the frequency selection,
r.f. spectrum design, and the entire error budget may have to be re-evaluated.
At that time, additional data may be available to increase the knowledge of,
and confidence in, the range rate propagation errors. It should also be pos-
siBIe to specify the cycle counting time when specific missions are decided
upon. ,

In designing;the r.f. spectrum, a primary consideration was the
desire to minimize the range error due to thermal noise for a given total
input signal power. T!us minimization is achieved by providing equal sig-
nal powers in the 9900 and 2005 Mc signals that are mixed to extract the
5 Mc fine ranging tone. With this factor automatically establishing the

signal-to-noise ratio in the range rate phase-locked loop, Equation 2 yields
a range rate measurement error of 0.030 meters per second at the repre-
sentative point for thé minimum cycle-counting time of 0.1 seconds.*

¥Specified in conversations with NASA's Contracting Officer's Representative. -




Increases in this time will result in proportional decreases in ¢ ;» and it
may be desirable to exploit this approach, if possible, to bring the thermal
noise error more into balance with the other errors.

As before, the larger of the two possible range rate errors at the
representative point (aue to the swiichable loop characteristics) i3 pre="
sented in Table 4. U the smaller wy had been used in the computation
the thermal noise error would have been smaller by a factor of -f— and
wouid have been more in baiance with the other errors. e o

2595 Instrin

tation Ergors s oo —omesee o

__The definitions of, and formulas for, ihe>mSiruix}ehtatiép_‘9_1";:9!_8“'_5_’?:?9_#_1, o
in Section 2.2.3.2 will now be used to establish equipment performance ob-
jectives. In establishing these objectives, care has been taken not to seek
an accuracy that would cause a high vehicle equipment penalty unless the
accuracy was required to be compatible with other error sources in the
AROD system. In some cases, however, it is possible to reduce the instru-
mentation errors to negligible levels without incurring an excessive penalty.

A.* Range Errors .
(1) Oscillator Instability

With respect to the long term stability of the basic frequency source
used in the AROD system, range rate considerations discussed in a subse-
quent paragraph (under Range Rate Errors) invoke the requirement that the
sta{)ih’ty be better than one part in 10%. This requirement results in a range
error that is three orders of magnitude smaller than that due to the uncer-
tainty in'c, and that is, therefore, negligible. 7 |

" The very short term oscillator drifts must be less than one part
in 10! in the 50 milliseconds maximum transit time to make the range
rate errors negligible. This requirement ensures that the range errors are
also negligible. ' ‘

A computation of the effeets of random thermal-noiselike insta-
bilities (described by coherence time in Equaxions 3, 4, and 5) is hampered
by difficulties in measuring or theoretically estimating the- cshemﬁm s



~early time in the design analysis).. . -

for an oscillator. Edson® estimates the coherence time, or period of
coherence, produced by thermal noise alone to be 1.45 x 1014 seconds at
1(’!7 radians per second; converting this number to a 5 Mc system (for ref-
erence) by the formula7 '1‘,32/Tcl = (fl/fz) yields a coherence time of
approxiniftely Iﬁla Seconds. Alternatively, if the formulas of Reierence 6
are applied to manufacturers' datal® concerning the physical parameters
of a 6 Mc oscdiator, an estimate for 'I‘ of a.pprmcimately 1012 . seconds

To enggre that zero-mean instabilities wiu have a negngxme ei-
fmﬁmi&mrmt errors, an objective of 108 seconds has beenes- - .
tablished for the coherence time of the basic 5 Mc oscillator-in the vehicle.

If the design indicated in Sections 3 and 4 is analyzed in detail, it is seen

is ﬁbtaum

that only the 2000 Mc and 2005 Mc signals are significant in computing
coherence times; the contributions of the translation oscillators and voltage
controlled oscillators are negligible because of the "inverse-frequency-squared”
relationship. Since both the 2000 Mc and 2005 Mc signals are used toderive
the 5 Mc fine rangmg tone, and since three local oscillators are involved
in the processing of each of the S-band signals, the equivalent coherence time
for the entire system is approximately 1/8 (108) (5/2000)2 =102 seconds
(from Equatign 5). To determine the rms range error resulting from this
coherence time, Equation 4 is applied to the fine ranging tone phase-locked
loop. The resulting maximum range error is approximately 0.09 meters,
indicating that this effect is negligible.

(Mea.surements‘ by one manufacturers on an existing oscillator at
2295 Mc &ieid a coherence time estimate of about 5 seconds; converting this -
to 5 Mc indicates a coherence time estimate of approxxmately 8 x 10° sec-
onds. However, this estimate is ultra-conservative because the measure~ -
ment included the effects of non-zero-mean frequency drifts. Even if this .
ultra-conservative estimate is used, the resulting range error—less than
‘'one meter—does not markedly affect the total range error at the represen-
tative point. However, tlﬁs indicates the necessity for obtaining a meaningful
estimate of the coherence t.me for the oscillators selected for AROD at an




(2) Ground Station Equipment .

| o In making the error introduced by the ground station equipment
| compatible with that introduced by the spacecraft equipment, it was recog-
mzed that the ground station eqmpment could bear the burden of a tighter

error budget because it did not have the weight ‘and power penalty problems
associated with the spacecraft equipment. ‘Ihe performance objective was ‘

' therefore established that the total error introduced by all of the grownd =

.fgs’, g;g \ ntmum not nvﬁnad 0 f- mafnrn rma.

aaa1

e - station equipment {e.g., differential phase delays in filters, phase center _ -

- {3). Spac&craﬁ R&ﬁ&i&“ﬁl‘ inters .

a substantial portion of the range measurement error budget should be allo-
cated to this source. Consequently, the performance objective was estab-
lished that the filters in the spacecraft receiver should not introduce a

. o (4) Velocity and Acceleration Induced Errors
The signal dynamics of the missions analyzed in the AROD Feasi-

bility Study are computed in Appendix D; the results of this analysis were

a primary factor in determining the parameters of the phase-locked loops
employed in the measuring equipment. When Equations 6 and 7 are applied .
to the 5 Mc phase-locked loop that had been designed to keep the thermal
noise error within the tﬁxdgeted value, it is found that the combined phase
_error due to the velocity and acceleration terms, assuming that velocity

range measurement error of more than 0.5 meters. e

bias compensation has reduced the effective £y by a factor of 100, is 0.01

system, the combined error has the values indicated in Table 4. In this
computation, it has been assumed that the Doppler and Doppler rate terms
have the same sign;‘fci- half of a pass over a station they will actually have
opposite signs and tend to cancel. The phase errors in the 2000 Mc loop
and the 2005 Mc loop are not considered because they will effectively can-
_cel'each other in the mixing process. (If desirad the velocity and accelera -

meters ior the repres&ntative point.. For the other operating pomts inthe . = T

tion mdncad error could be essentmliy ehminate& by mcorporaﬁag a cm‘m
tion in the spacecraft computer since the error is deterministic). .. .




circuits will be earefuuy cahbrated and precautim taken to reduce the

(S) Timing and Controls

It is definitely desirable to keep the error contribution from this
source as small as possible. To achieve this, the delays in the spacecraft

]1tter" and drift in control pulses The equipment performance objective, A

assummg that these actions ha.ve been taken, was established as 6 nanosec-
onds, or 0.9 meters, as an upperbound

The Iog term stabxhty requirement for the basic frequency source
is established by the requirement that the ground translation oscillator (ap-
proximately 60 Mc) and the spacecraft translation oscillator be sufficiently
close in frequency after a drift of days, weeks, or even months so that no
excessive error is introduced in the Doppler measurement. The availability
of VLF transmissions to maintain the ground based oscillator frequency "
very accurately, and the capability of updating (or calibrating) the spacecraft
oscillator frequexicy on ground command indicated that an appropriate objec-
tive to result in this source having very little effect upon the range rate
measurement error is a maximum of .005 meters per second. To achieve
this goal, stability requirements of one part in 10° for the spacecraft trans-
lation oscillator and five parts in 1019 for the ground station translation
oscillator were established. (The errors introduced by the ground transla-
tion oscillator and the vehicle translation oscillator should add in an rms
manner as they are uncorrelated.) It is anticipated that the ground station =~
stabilities will be achieved by monitoring VLF transmissions. These sta-
bilities are reflected in the values in Table 4.

The very short term oscillator drifts should produce only negligtbie
errors. Establishing an objective of 2 maximum drift of .02 cps or one part
in 1011 for the maximum transit time (50 milliseconds) ensures a maximum
range rate error of less than .0015 meters per second.

Utilizing Equation 8 to estimate the error due to the coherencetime
of the received carrier,and assuming the conservative value of 108 seconds
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for the coherence time of the basic 5 Mc source, the range rate error due
to thermal noiselike instability is found to be less than 3 x 10~3 meters
per second for all points. In this case the effects of the 2005 Mc chain do

not enter the calculation, and the equivalent coherence time is therefore =~ ,
‘approximately tw!oé,the value found earlier, of 2 x 102 seconds. ~~ T T

: (R the previously discussed, highly conservauve estxM for the
5 Mc oseillator coherence time, 8 x 10° seconds,is used, the resulting er-

ror is- sfaii less than 02 meters per second at the representazxve point).

. Timine and 4: nfrn’e
*—Eﬁ._.L

The 6 Wond requixzement mdicated earher is alsoapplicahie

to &efangerate measurement and resuits in the error of less than 0005 — - ————-

meters per second shown in Table 4, for the minimum cycle counting time
of 0.1 seconds.

2.5.3.3- Quantization Errors

The quantization errors established as objectives for the range and
range rate readings are 0.29 meters and .0075 meters per second, respec-
tively. The range error requires a“quantization "box" of 1 meter and was
selected to be sufficiently small to have almost no effect on the total range
measurement error at the representative point. The range rate error was
chosen as a compromise between a desire to avoid a counter operating at
more than 10 Mc in the spacecraft and a desire to make this error insig-
nificant. " |

2.53.4 Multxpath Errors

The carrier frequency and the antenna approach for the g'round mzmn
were selected to make multipath errors negugxble for large portions of the
AROCD werating envelqpe In analysis of multipath effects in Section
4.2.4 it is shown that this objective can be achieved except at very low ele-
vation angles. Even at these low angles it is only under extreme conditions
that the errors indica!-ed m Ttble 4 wﬂl he enceuntered

I




2,54 Total Errors

The errors indicated in Table 4 will probably have probability dis-
tributions and subtle correlations that make difficult their combining to
obtain a total error. To obtain a first apprommation, however, the total .

error (standard deviation) was estimated to be the square root of the sum

of the squares of the individual contributions.

2.6 Summary

~

. In summary, Section 2 has established reasonablie ‘equipment penormanca

cbjeetiyes for a "design point.” To indicate how the families of tradeoff
curves that were-one of the principal outputs of theABQDFeas;buuy&udy

were obtained, it is still necessary to present the procedure for selecting
the spacecraft equipment penalty, computing the required ground station
capability, and extrapolating from the design point. This information is dis-

cussed in Sections 3 and 4.




Section¥ .- R T

SYSTEM DESIGN

strate that the AROD concept is feasible and to define the pénalty factors

associated with the performance objectives established in the system

analysis portion of this report (Section 2). This design was optimized
only to the extent permitted by the scope of the Feasibility Study and
should be regarded as representative. The degree of optimization that
was carried out, however, went well beyond what is normally required to
resolve the question of fensibﬂity Further optimization of the system ‘
design must await the Design Study Phase (Phase B) of the AROD Program.
At that time the mission, environment, and reliability requirements of the
operational equipment will be better defined and a re-evaluation of all the
design approaches can be made as well as a re-examination of the equip-
ment performance objectives. Detailed designs of the critical circuits
should also be accomplished during the Phase B Study, supported by ex-
perlmental mvesugatmns of selected circuits and components.

 The gevermng philosophy for the system desigf in the Feasibility ~
Study was to achieve the performance objectives with minimum penalty
to the spacecraft, while simultaneously achieving a ground station design
capable of unattended operatibn'fc;r prolonged periods in remete areas.
Although no quantitative reliability objective was established for the
Feasibility Study, reliability factors strongly influenced the choices of the
recommended design approaches for the system. A noteworthy example of
the mﬂuenceof these factors is the provision of circuits in the spacecraft
~receiving and processing s&gmla fi’ﬁm four ground stations simuitaneously.
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In this manner, during critical periods of the flight profile of the vehicle,
where four stations are in view, sufficient AROD tracking data will be
available to the guidance system to permit a real time orbit determina-
tion in spite of an inoperative condition in one of the ground stations or in

~one of the signal processing circuits of the spacecraft.

_In the repregentative design, the largest sources aof equipment errors

(notably thermal noise) are maintained in economic balance with the other

two major sources of measurement error not attributable to the equipment;

namelv the uneertainty in c and the residual propagation errors. To

pt to Improve memoimemwmcynfthe system by means of &
' Iarge reductlon in thermal noise errors would seem imprudent unless the

accuracy to WhiCh cis known and our abﬂj,ty to Charactenze the atmos- T

phere are greatly improved. With the present knowledge, however, re-
_duction of thermal noise errors at a high cost in vehicle equipment weight
and power would only be justified if the ensuing improvements in incre-
mental accuracy were of interest to the user of the AROD system.

With the exception of thermal noise and multipath errors, all errors
introduced by the AROD equipment have been allocated at either insignifi-
cant or negligible levels since the penalties incurred thereby are justifi-
ably small. The errors caused by multipath effects at elevation angles
near the horizon have not been made negligible because of the cost re-
quired to do this. A large component of the total range réte measurement
error at the 5° minimum elevation angle (See Section 2.5) may be intro-
duced by mulupath effects. However, this error decreases rapidly with
elevation angle, contributing less than 1 per cent of the total range rate
error at elevation angles greater than 15°,

It must be noted that the économic balance of errors discussed above
applies only when the absolute values of the range and range rate arrors
are considered. Where incremental measurements are useful to the guid-
ance system, an order of magnitude improvement in accuracy may be
achievable. Biased measurement errors such as the entire error due to
the uncertainty of ¢ and a major portion of the pr;ypagétion error can be
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3. An unalysis of the system

r

eliminated. Non-biased errors which are subject to short term smoothing
of which thermal noise errors are the most important, can also be signifi-
cantly reduced for incremental measurements.
The remainder of this section includes:
1. A tabulation of equipment parameters for the representahve
__AROD system.
2. A functional description af the recommended AROD system in--
~ pluding the operating principles and the bases forchoosing the -
recommended design approaches a.nd critxcal components o
in the study for hoosmg them.

- 4 A comparison of the recommended desxgn approach for the un-
attended ground transponder with competing design approaches.

5. A trade-off analysis relating system measurement accuracy to

system penalty factors. The basis for choosing the representa-’
tive system over cheaper and more costly systems (in terms of
system penalty factors) is given.

It is appropriate at this point to summarize the "ground rules' that
governed the system design. The performance 6bjectives for the equip-
ment have been assumed to be those estahblished in the error "budget't in
Section 2.5. In accordance with discussions with the Contracting Officer's
Representative, modulation techniques that were considered for the sjrstem
design were restricted to the type termed “sidetone ranging" schemes.

In t.hese systems all the spectral components of the transmissions are
contmuous waves. Multiple ranging tones are employed for system 'timing
the highest frequency tone being used for fine range determination, the
lower frequency tones being employed for resolving range ambig\nties in
successively larger range quanta.

It was assumed that the vehicle trajectories to be considered would
lie between altitudes of 90 and 2000 nautical miles. Although it is desir- -
able for the ground transponders to track the vehicle from horizon to
horizon, it became apparent early in- the program that three factors mjli-r

- tated” against this. - Propagation errm an& maltipsth errors merease vefy S




rapidly at angles approaching the horizon, and a finite portion of the vehicle
pass must be allocated for acquisition of the tracking filters employed in
the vehicie and transponder. A minimum elevation angle e&' 5° was chosen
by exammmg the system complenty required to prevent mulupath and |
propagation errors from becoming dammant; :md to acqx.:m th* raf‘kmg
filters rapidiy. '
; The: temaining grmmd mle“ thax required defmition for the sysi:em
:desigu to proceed was the seiectmn of a reasonable as well as repreaen-
tative weight and power input penalty incurred by the spaeecraﬁ eqmpmnt
Informal discussions with the Contracting Officer's Representative led to
selections in the region of 25 pounds and 100 watts.
The most significant operating parameters and penalty factors for
the representative system are tabdlated in Table 5.

8.2 Principle of Operétion

A functional description of the representative AROD systam dﬂsign .
which evolved from the Feasibility Study is given in the following para-
graphs. For a more detailed discussion of important implementation
problems introduced by the representative system design, refer to Section
4, Eqm;%zent Impiementatmn

3.2.1 Spacecraft Equipment

A functional block diagram of the vehicle equipment desigh is shown
in Figure 14. The design shown employs only solid state components that
are presently available. The diagram shows the elements for processing
signals from a single ground station, anale from the three other ground
stations are processed in an identical manner by additional tracking filters
anﬁ measurement circuits follawing the multiplex filter.

“The four ground stations responding simultaneously are isolated from
eacll other by means of a umque translation frequency employed in each
ground station within view of the spacecraft. The command transmitter
issues turn-on signals and selects the translation frequencies for the four
activated stations. A simple coding scheme will be employed to prevent
unauthorized or unintentional turn-on of the ground stations.
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" **E = Vehicle Elevation Angle to Gro

Yoble 5

Parameters of the Representative AROD System

VEHICLE EQUIPMENT

Center Frequency {Nominal)

Antenna Gain (Minimum)

Antenno Coverage {Minimum)
Transmitter Power Ovutput (Minimum)
Receiver Effective Noise Temperature

{Moximum)

Receiver Tracking Bandwidth

 (Carrier Loo:sg

Acquisition Interval (9% probability)
Dota Sempling Rate (Maximum)
Equipment Weight (Estimated)
Equipment Power | (Estimated)
Equipment Volume (Estimated)

GROUND TRANSPONDER

Tronslation Fr vency {Nominal)
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i ,.z,,,; ax
Fon i

2000 Mc |

Unity o
Horizon to Horizon .
12.5 watts '

$00° K
200 cps (h,* > 500

nautical miles)
1000 cps (hy, < 500

noutical miles)
E** < 5° (Vehicle Ascending)
10 somples/second

A

 Antenno Gain {Minimum) 13 db (E = 5°)
: 7 db (E = 90°)
Number of Beams 13
Antenna Coverage Ompidirectional in Azimuth
o for E > 5°.
Tronsmitter Power Output (Minimum) 20 watts
Receiver Effective Noise Temperature -
(Maximum) . 600° K
Receiver Noise Bandwidth (Maximum) ° 1 Kc (for [;rincipcl )
spectral components
Acquisition Interval (99% probobility)  E < 4° =
SYSTEM DESIGN MARGIN ¢ 10db
*h, = Vehicle Altitude |
und Transponder
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The most important subsection of the vehicle equipment is the trans-
mitter chain because it weighs more and requires more input power than
any qther portion of the equipment. Moreover, achieving a given level of
reliability is almost always niore difficult for transmitting components
than it is for the receiving and data processing components which cansti-
tute the balance of the vehicle equipment. Several approaches tomrd the
achievement of r-f buwer outputs in the range of 2.5 to 30 watts of cw power
at 2000 megacycles‘;which could be suitably modulated for the sidetone
ranging scheine and capabie of the frequency stabilities dictated by the
performance objectives of the system, were assessed during the study..
The factors viewed in-making the comparison between the various approaches
were efficiency, reliability, ruggedness, flexibility, ease of modulation,
weight and size. Among the components evaluated were klystrons, crossed
field devices including amplitrons and voltage tuned magnetron oscillators,
traveling wave tubes, thermionic amplifiers and oscillators, and varactor
harmonic generators. ‘ :

The varactor harmonic generators were selected as the recommended
r-f power source over the other approaches by a rather clear margin.
They are outstanding from the point of view of reliability and ruggedness, 4
especially since, unlike the other approaches, they are low voltage devices
with fa; less critical power supply requirements than the competing com-
ponents. Varactors available today are capable of a 2.5 watt output at
S-band. With present day transistors, driving the varactor chain somewhat
below 100 Mc is optimum. An overall efficiency, that is the ratio of r-f
power oqutput to dc power input to the transistor driver, of 15 per cent is
estimated for the recommended approach where the varactor chain is
dri\rén at approximately 60 Mc and a mnltiplicatmh of 32‘ is afforded by
the varactor chain. This efficiency may appear grossly inferior when
viewed against the extremely hxgh efficiencies, 50 per centléor higher,
that are quoted for some of the other components, notably the amplitron.

*The reasons for selecting these parameters are discussed in Section 3.3.
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However, the efficiencies quoted for these devices refer to the plate circuit
efficiency. When cne takes into account the power losses in the high volt-
age converter, the regulating circuit {a corstant current source for the
amplitronj, the filament circuit, ard the driver circuit, it is doubtful that
more than 25 per cent overall efficiency can be achieved while maintaining
the phase stability requirements of the AROD system. Another important
factor favoring the transistor driver-varactor muitiplier approach over the
competing components is the anticipated extension of capabilities of these
components in the near future. Since their introduction for microwave
applications, varactors have shown 2 continuing improvement in power
output and efficiency at higher and higher frequencies. In addition, high
frequency transistors have shown continuing improvement in these respects,
although at a somewhat slower pace.

The total r-f power output of the vehicle fransn}itter of 12.5 watts is
developed by means of 5 harmonic generator chains, each with a 2.5 watt
output. Five watts of cw power are generated at nominal frequencies of
2000 and 2005 Mc to provide the 5 Mc fine ranging tone. The remaining
2.5 watts are developed at a carrier A‘equency of 2003.75 Mc which is phase
modulated by rangé ambiguity resolving tones of approximately 156 kc,

9.8 ke, 610 cycles and 19 cycles. All the carrier frequencies and sidetone
frequen'cies are derived from a common stable crystal oscillator operating
at 5 Mc. o

The circuits required for receiving and tracking the retransmitted
and translated signals from the ground station will now be discussed.

Three types of low noise r-f preamplifiers were considered for this
application: traveling wave tubes, parametric amplifiers, and tunnel diodes.
Although the tunnel diodes are at a slight disadvantage with respect to the
other approaches irf terms of sensitivity, they were chosen on the basis
of their reliability, ruggedneas and simplicity of the r-f circuit. Traveling
wave tubes were rejected because of the excessive weight and power input
penalties associate:i with them, as well as the need for a high voltage power
supply. For the AROD applications, the higher instantaneous bandwidths

that can be achjeved with the Esaki diode circuits are an important advantage
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in minimizing the uncompensatable differential phase errors between the
spectral components of the signal. Parametric amplifiers are relatively
narrow band and require a more complex r-f circuit when pumping require-
ments are considered. Moreover, it appears reasonable to assume that
the improvements in sensitivity performance of the Esaki diodes will con-
tinue in the near future, o

Each of the three carrier signals will be tracked by a phase locked
loop (for each of the four gmuiui transponders). The voliage controlled
oscillator (VCO) cutput of the phase ilocked ioop tracking the translated
and down converted 2000 Mc carrier will be applied to a digital range
rate measuring circuit. The Doppler offset frequency will be measured
by means of a digital {frequency comparator using a reference frequency
derived from the 5 Mc stable oscillator. For the signal tracking circuits
shown in Figure 14, the frequencies denoted at the output of the multiplex
filter in the receiver arise from a downward translation of 65.625 Mc at
the ground transponder. Using a sample of the 2000 Mc carrier output of
the sg@cecraft transmitter as the local o,scillabor: intermediate frequencies
of 65:825 Mc, 60.625 Mc and 61.875 Mc represent the 2000 Mc, 2005 Mc
and 2003.75 Mc carrier signals, respectively, for a zero Doppler offset
condition. The outputs of the voltage controlled oscillators tracking the
translated and down converted 2000 and 2005 Mc carriers are applied to
a product detector whoge difference frequency output is tracked by a fourth

.phase locked loop. The output of this VCO is compared in phase to the

5 Mc reference tone in a digital range measuring circuit for the determi-
nation of fine range.

The first ambiguity resolving signal is developed by product detection
of the outputs of the VCQ's tracking the 2005 and the 2003.75 Mc carriers.
No additional phase locked loops are required for ti'acking the lower fre-
guency ambiguity resolving signals. These signals are tracked by dividing
the frequency of the output from the VCO tracking the fine ranging tone by
the appropriate ratio and using individual phase tracking filters as shown
in the block diagram, Figure 15. The frequency divided versions of the
VCO output are in essence, the equivalent of a VCO in a conventional
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phase locked loop. In a phase tracking filter, the divided VCO output is
adjusted in phase to coincide with the phase of the noisy ambiguity resolv-

ing tones extracted by phase demodulating the first ambiguity resolving
{ote signal using the 1.25 Mc reference tone as the phage reference. The
phase adjustment is accomplished by a voltage variablé phase shift net-
work employing electronically controlled reactances (saburé.ble reactors
or varactors); the network is controlled by a loop filter with baﬁprbpdrﬁonal
term and an integration term. | |

| For the spectrum chosen in the representative sysiem, the 2.5 watts
allocated to the ambiguity i"eso‘xving tones is sufficient to maintain the
probabil ity of resolving a range ambiguity erroneously in any of the tones

to less than 0.1 per cent. The method of synthesizing the transmitted
spectrum permitted by the modular varactor harmonic generator trans-
mitter scheme affords a great deal of flexibility in the system design.
For certain missions and trajectories it may be desirable to allocate a
greater portion of the total vehicle transmitter power to the carrier on
which the Doppler frequency is being measured. The derivation of the
‘ reference range tones after all the spectral components have been com- .
bined in the multiplex ' filter 18 recommended for the reason that the
system will be immune to differential phase distortions and perturbations
introduced by the transmitter chain or multiplex filters that occur over a
period greater than the two way propagation delay.
)
3.2.2"° Ground Station Equipment .
The overriding design objective of the unattended ground station is to
' provide sufficient signal-to-noise-ratio at the vehicle to meet the perform-
e ance objectives and to achieve a high order of reliability within reasonable
equipment costs. It is reasonable to assume that an operattonal AROD .
system would be expectéd to achieve a useful life of many years. By
obviating the need for frequent logistics support, the system designer can
achieve a saving in operating costs which could easily exceed the cost of
establishing the AROD ground network.
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A functional block diagram of the representative gfound transponder
suitable for unattended operation in remcote areas is shown in Figure 16.
The major design problem for the ground transponder is to meet simul-
ianeous requirements for continuous tracking of the spacecraft within an
almost hemispherical volume and a minimum power gain requirement
ranging between 13 db at a 5% elevation angle and 7 db at the zenith. The
ground station design approach that was selected during the Feas:'ibility
Study features & multi-beam antenna with stacked beams in elevation.
Twe beams wiih semi-annuiar coverage in gzimuth are provided for each
elevationhuamum. A total of 13 beams are required, the lowest of which
has a beamwidth of 5° centered at an elevaticn angle of 5°. Beam cross-
over points in elevation are 1.5 db down from the maximum. The beam~
widths of the higher elevation beams are tapered in accordance with the
inverse of the slant range squared for the 2000 miles maximum altitude.
Around the zenith, a conical ‘beam whose half angle is 359 is provided.

A superheterodyne receiver employing a parametric amplifier front
end is provided for each of the 13 ports of the antenna. Because of the
limited vehicle transiitter power dictated by vehicle penalty considera-
tions, the signal-to-noise ratio ax;anable over the one-way Doppler band of
+ 50 kc is much less than unity (refer to subsequent paragraphs for details).
For this reason, the noiseband must be limited to much less than the
Doppler handwidth prior to retransmission; otherwise, at high vehicle
altitudes, gross inefficiency would result in the ground station retrans-
mission,in that the signal power output would be only a small part of the
total power output.

For each of the 13 receivers in the representative design approach,
following IF amplification of the received signal spectrum by means of
three amplifiers whose bandwidth is much larger than the Doppler band,
the IF output for the 2000 Mc received carrier is applied to an automatic
frequency control circuit. This circuit will acquire the minimum re-
ceived signal within an offset of 400 cycles per second, within one third

of a second, with a probability of .9.11 The probability of acquisition
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increases to .999 for a one second interval. Afier acquisition, the tunable
VHF oscillator wiil track the signal to an accuracy of 100 cycles per sec-
ond, An active condition in any one of the thirteen receivers will be
sensed by individual threshold cireuits which will enable a gate asso--
ciated with each receiver. The purpose of the gates is to prevent thermal
noise from inactive receivers {or beams) from entering the transmitter
eircuits. Fonowing summation of all the gate outputs (only orfe active),

the entire spectrum is mullipiexed through seven crystal filters. Each
crysiai {iiter has a bandwidth of less than one kc and matched phase delay
charactcristi%. This technigue will introduce uncompensatable phase
errors well within the error allocated in Section 2.5. Active circuits in
the entire signal processing chain of the transponder are always much
wider in bandwidth than the band limiting, passive components. Following
demultiplexing of the signal components, the IF signals are heterodyned

up to S-band by means of the same local oscillator signal that was used for
down conversion in the front end translated to a lower frequency by the
ultra-atable translation oscillator selected in the command link, This out-
put, on the order of a milliwatt, is applied to a single transmitter chain
emploving coaxial UHF tniodes. The t?iansmitter output iz nominally 25 watts

and is applied 1o a ferrite switching matyix which is controlled by the

y threshold detectors n the frequency tracking loops. The ferrite switching

malirix directs the transinitter ouiput 1o the active beam {or retransmission

to the spacecrait,
3.3 Parametric Analysis

3.3.1 Signal Parameters

The operating envelope of the AROD system is bounded by the minimum
vehicle altitude of 90 nautical miles, the maximum altitude of 2000 nautical
miles, and a minimum elevation angle at which the ground transponders
will operate within the performance given in Secticn 2.5. The minimum

elevation angle is dictated by multipath and propagation error considerations.



Both these sources of error increase rapidly as the radiation path approaches
the horizon. A lower limit of 5% has been chosen as the point where propaga-

tion effkcts do not contribute dominant measurement errors. In addition,
only a moderate degree of complexity need be introduced in the ground sta-
tion antenna design to achieve a sufficiently low sidelobe level at the hori-
zon to also prevent multipath errors from being dominant. '
-The significant signal parameters that result from a carrier frequency

of 2 Ge are tabulated for circular overhead nagges in Table 6
’ . ~ Table 6
AROD Signa! Parameters
Vehicle | Elevation | Ronge | Doppler Doppler Acquisition | Space
Altitude Angle (pout. | Freq. Rate Time Loss
{ {naut.mi.) | (degrees) mi.) (cps) | (cps/sec.) (sec.) {db)
90 5 600 | 105 68 10 159
| %0 90 % | o 5103 - U3
2000 5 | 3940 {53x104 17 25 176
2000 20 2000 0 21 . - 170

~ The overhead pass imposes the most severe requirements on the
equipment with respect to maximum Doppler shift and maximum Doppler
rate. The acquisition time requirement shown in the table is the interval
during which the a{scending vehicle occupies the elevation angle increment
of 4-59. This ifterval will be minimum for the overhead pass, hence, the

equipment requirement is again most severe for this case. Path losses
shown for the boundaryeonditions in the table are dependent only on the
vehiele altitude and elevation angle and will be the same for overhead and
non-overhead passes. It can be concluded thereforé; that the system per-

formance objectives can be met for all vehicle trajectories if they are met

for the overhead pass.
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3.3.2 Choice of Operating Frequency

Among the AROD system parameters, the operating frequency has the
strongest influence upon systim performance and penalty factors. A nom- -
inal operating frequency of 2 Gc for the AROD system was established
during the study from the results of the propagation error investigation
and the equipment design considerations given below. The propagation
error result{s are summarized in paragraph 2.2.2 and are treated in
detail in Appendix B. Propagation errors contribute to the AROD measure
ment errors as do equipment errors and the errors due to the uncertainty
of the vacuum velocity of light. By examining the basic design constraints
of the AROD:system where:

@  Vehicle antenna gain is restricted to unity by the need for horizon

‘to horizon coverage; |
® Ground transponder antenna gain is restricted to low orders from
considerations of complexity (hence, cost and reliability) and the
heed for nearly hemispherical coverage; and .
® Increasing the vehicle transmitter power output introduces severe
weight and power input penalties to the spacecraft,
it bécame clear that the operating frequency should be the lowest at which
the system measurement accuracy objective could be achieved. This fol-
lows from the consideration that, for the same signal to noise ratios and
with all other system parameters remaining fixed, the product of vehicle
power output and ground station antenna power gain is related inversely
to the square of the frequency. However, this trend is opposed by the
fact that propagation and multipath errors increase rapidly as the operating
frequency is lowered.

At 2 Gce, the range and range rate errors introduced by the uncertain-
ties of the propagatihg medium are in reasonably-good balance with the
errors due to the uncertainty of c. The range propagation errors estimated
during the study were more strongly considered in choosing the operating
frequency than the range rate errors for several reasons, the most impor-
tant of which was the higher confidence level in the range error estimates.
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This was necessitated by the paucity of put;lished data useful to the esti~
mation of range rate errors for AROD, *

The range error due to the uncertainty of the propagation velocity
of light in a vacuum is only range dependent and ranges from less than 0.2
meters tao more than T meters over the extremitiea of the operating envelope
of the AROD ground station, oot ’ ,

At 2 Go, the residual range errors due to the unéertaim‘,y of the char-
acteristics of the proumtiné medium (after corrections arve made for &
standard amcsphere, vehicie altitude, and elevation angle) are in general
less than or equal to the error due to the uncertainty of c. At 1 Ge, the
residual propagation errors in range would be approximately three times
greater. For this reason, the perfé;rmance objective for total range
measurement error could not be attained. An increase of operating fre-
quency, say to 4 Ge, would at best reduce propagation errors by a factor
of to. For the same vehicle penaities and ground station investmem. the
total range and range rate measurement errors increase by aboat 80 per
cent with the 4 Gc system oompared to the 2 Gc system.

Higher operating frequencies might bécome attractive for missions
requiring operation at ranges of tens of thousands of miles and beyond
where wide fiel@ of view antennas are no longer reqm.red In these appli-
cations directive antennas can be used to great advantage at the vehicle,
Choice of a higher operating frequency is particularly attractive for these
applications where the antenna aperture and weight are constrained by
vehicle limxtationn

3.8 3. Range Eqmtion Parameters

" The fundamental limitation of ﬁ:e AROD equipment accuracies for both
range and range rate are the errors due to thermal& noise. The finite

*For missions where range rate errors affect system performance more
strongly than range errors, the conclusions on the optimum operating
frequency may have to be re-evaluated. It appears that more useful data
for estimating range rate errors introduced by the propagating medium
will be available in the near future,

K FL TN
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signal-to-noise ratios that can be achieved in the tracking filters in the
vehicle receivers are determined by the available signal power, the spec-
tral density of the noise surrounding the signal, and the bandwidth of the
receiver tracking filters. The bandwidth of the tracking filters must be
sufficiently wide to track the dynamics of the input signals. The dynamic
characterhtics of the signals are introduced by the velocity and accelera-
tion of the spaceeraft with respect to the ground stations. These cause

the Doppler frequency shift and t.he rate of change of Doppler frequency

It will be shown in Section 3.3.4 that, with a signal pcwer—to—noxse
power density factor 8/ N,)of 2 x 103 cycle§ per second or greater avail-
able at the vehicle receivers for the two principal spectral components of
the AROD transmission, the objectives for noise errors established in
Section 2.5 can be realized. The (S/ N_) ratio at the vehicle is also crucial
from the point of view of establishing the acquisition time of the tracking
filters. The 8/ No) ratio at the spacecraft receiver can be expressed by
the following:

s ] _ Prgfg Gpg T s My LU o
N
'ORV' NV+N0GAGGTGLS LU
- _
where: ﬁ-s-- - is the signal power-to-noise power density ratio
0 v at the vehicle receiver.
PRG " - is the signal power received by the ground trans-
ponder,
AG - is the net electronic amplification of the trans-
ponder, ,
GTG - is the transmitting antenna power gain of the
transponder.
Ls - is the space loss, '
Mﬁ - is the system design margin for the up link.
LU - is the transmitting loss at the transponder.
NoV - is the power density of the self noise of the ve-
hicle receiver.
N oG - is the power density of the self noise of the ground

receiver,
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The vehicle antenna gain is assumed to be 0 db for receive and transmit
by virtue of the horizon-to-horizon coverage that is needed. It can be seen
from Equation 9 that [S/ No] gy Vill always be smaller than the s/ N,
ratio at the ground transponder receiver by a factor greater than MU
because of the degradation introduced by the.self noise of the vehicle

G indefinitely

at levels where

receiver,’ NoV' It is important to note that increasing A
does not obtain a significant improvement in ['S/No RV
the retransmitted noise from #he ground station swamps out the receiver
self noise ét the vehicle.

Since primary power is far more expensive at the vehicle than at the
ground station, even for remote sites with only occasional maintenance,
it is appropriate that the component of noise at the input to the vehicle
receiver due to the amplified noise of the transponder be greater than the

self noise of the vehicle receiver. If we make:

N g AgGrgLg "Ly =3N, | (10)
the degradation of [S/N ] oo due to N__ is 1.2 db compared with a 3 db
degradation if both components are equal. A further increase of the trans-
mitted noise component by a factor of 3 will reduce the NoV degradation
by onlyn additional 0.7 db and appears to be uneconomical. The technique
of swamping out the vehicle receiver self-noise providés a second im-
portant advantage by reducing the effect of vehicle receiver sensitivity
deéradation on overall system performance, and thus effectively increas-
ing the system design margin. For the operational AROD system the
apparently uneconomical extension of this technique may be warranted by
the reduction in vﬂnerability to interference that the technique affords.
This is particnh:ly applicable at ground stations where commercial
power is available and frequent serﬁcmg is possible. Although the ground
stations are vulnerable to interference, both hostile and unintentional,
they do not pose as serious a problem in this respect when compared to
the vehicle equipment, inasmuch as the system degrades gradusally as
ground stations become inoperative by responding to interfering signals.
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In addition, greater sidelobe reduction at and near the horizon can be
employed at the grouzid station, thereby restricting the volume from which
interference could enter the ground receiver or alternatively, increasing
the intensity of the in&érference required to degrade transponder perform-
ance. The susceptibility to interference of the éystem is fundamental to -
the modest signal power that is developed at the spacecraft and greund
terminals, and serves to emphasize the importance of carefully $hoosing
the operating frequencies for the system as well as the siting of the ground
stations. .

From Equation 10, the product of net electronic gain and transmitting
antenna power gain (AG GT G) for the ground transponder ean be deter-
mined for the maximum range of 3940 nautical miles.

3T

- o eV
[AG GTG] max " T, Ls maxlu (1)

where: TeV - is the effective noise temperature of the vehicle

receiver.

TeG - is the effective noise temperature of the ground
receiver.

Conservative estimates for effective noise temperatures are 900° Kelvin
for the tunnel diode r-f preamplifier in the spacecraft and 600° Kelvin for
an uncooled parametric amplifier at the transponder. A 1 db transmitting
loss is assumed for the up link. At 3940 nautical miles, the space loss
is 176 d and the maximum value of Ag G i8 therefore, 2.5 x 10°
or 184 db.

The minimum value of the 8/ No) ratio at the ground transponder
can now be calculated: ’

8 4{8 1 :
. =313 (12)
[Na ]BG mis 3 [No] Avmia U
The system design margin for the transponder to spacecraft link, M.

is taken as 5 db to allow for component degradation. An additional 5 db
is assumed for the down link. Equation 12 results in a minimum value

8

AN

for E:S/ N, J RG of 83 x 103 cycles per second where the noise power
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density is given in terms of power per cycle per second. The minimum
power for the received signal at the ground station can be estab/l.iﬁhed from
this ratio. For the all solid state transmitter that has been selected for

the representative system with a total power output of 12.5 watts, § watts
is allocated to each of the principal spectral cbmponents at 2000 and 2005
megacycles with the remaining 2.5 watts allocated to the phase myodulated
secondary carrier at 2003.75 megacycles. The minimum received signal
power required for each of the major spectral components at the zround

station is given by:

P.. . =83x10°kT
min e

RG = - 162 dbw (13)

G

where: k - is Boltzman's constant ' '
The receiving antenna power gain that i8 required at the ground sta-
tion at 5° elevation angle can be calculated from:

o, _Prg s max Mp I'p

G.p, (5) = = 13 db (14)
GR | PoV _
where: MD - is the system design margin for the down link.
: LD - is the transmitter losses at the vehicle.

PoV - is the vehicle transmitter power output for each
principal spectral component.

As with the up link, MD
at the vehicle total 1 db; 0.5 db for the multiplex filter network which
combines the varactor output into the antenna line, 0.3 db for the circu-

is taken as 5 db. The transmitting losses

lator e’mployed in the diplexer and 0.2 db transmission line losses.

The receiving antenna gain required at higher elevation angles can
be tapered downward with the square of the slant range for the 2000
nautical miles orbit to a minimum of 7 db at the zenith while maintaining
the required (S/N ) of 8.3 103 cycles per second.

The power output of the AROD ground transmitter will be maintained
constant by means of a simple AGC loop. The gain control for the AGC
loop will be provided at the iniermediate frequencies where the required
gain swing of less than 40 db can be provided easily. The total power
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output of the ground station, which includes the amplified receiver noise,
is given by:

+N (15)

PTG 2.5 [PRG min AG max oG G G ma.x]

where: BG - is the noise bandwxdth of the ground transponder about
each of the princlpal spectral components

AG can be established from Equation 11 where the maximum value required

for the product A T G vas determined to be 184 db. The 13 db antenna

required on reccpticn can be uiilized on {ransmit to reduce the power out-

put requirements of the ground transmitter. The maximum net electronic

G max’ is therefore, 171 db.

The noise component of the ground transmitter output would exceed the

amplification required of the transponder, A

signal power by about 12 db if no provision were made in the transponder
to narrow the noise bandwidth to less than the double Doppler band of 100
kilocycles. An automatic frequency tracking circuit similar to those
employed in conventional radar front ends can be employed to reduce the
noise bandwidth about each spectral component to less than one kilocycle,
thereby,insuring that the noise spectrum power surrounding the principal
spectral component will be at least 8 db down from the signal power under
all conditions. It follows that the total power output required from the
ground transmitter is 18.75 watts by (exact) solution of the range equations.
An output of 25 watts has been assumed as the nominal requirement for

the system design,

3.3.4 Signal Tracking Parameters

The tracking filters employed in‘the spacecraft receiver can be con-
sidered to be narrow band filters which reject the noise energy arriving
at the input terminal lying outside the effective bandwidth of the filter.
This is accomplished by synchromizing and tracking a voltage controlled
oscillator to the noisy sgnal by means of a cross correlation. This proc-
ess eessem;ially enhances the signal to noise power ratio at the output by a
factor equal to the ratio of input noisé bandwidth to the loop noise band-
width, assuming uniform noise spectral density at the input.
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The trﬁcﬁing and acquisition performance of phase locked loops as a
function of signsl parameters and loop parameters are discussed in detail
in Section 4.133. Considering the xmmmum value of signal power to noise
density ratio [S/ N ]RV of 2% 10 cycles per second available at the
spacecraft receiver and thé two way Doppler band ot + 100 kilocycles, the
signal to noise ratio at the inputun&easlowas - 20 db at the maximum
range mﬁ:in the coverage envelope.

Initially, the loop oscillator will be operating at a different frequency
than the inpuat Signgli and if no external aidiag‘is provided, it will lock in
a time which is a function of frequency offset, loop gain and loop bandwidth.
Vi?x-:x‘l::i12 has estimated the pull-in time for second order phase locked
loops for noigeless signals as:

KZ

tpr = 55 as
2w

n
where: tPI - is the pull in time.
: X og¢ 18 the frequency difference between the VCO and
signal at the beginning of pull-in.
{ - is the loop damping factor.
wp - is the natural frequency of the loop.

Experimental data at the Jet Propulsion Laboratory (JPL) havé shown
good agreement with Equation 16 for signal to noise ratios of 10 db and
lower. A minimum output /N of 10 db will be assumed under all condi-
tions for the loops in the ARQD system in order to avoid thresholding
effects. Experiments reported by Frazier and Page 13 have shown that
near optimum acquisition performance is obtained with the l6op damping
factor, ‘{, set from 0.5 to 0.85. Since minimum loop noise bandwidth is
_ obtained at a damping factor of 0.5, this value has been chosen for all the
 tracking fﬂters in the vehicle. It can be seen from the foregoing consider-
ations and the relationship of loop noise bandwidth to wy derived in Section
‘ 4.2.3, that the maximum value for Wy in the carrier tracking loop that
satisfies the 10 db signal to noise requirement, is 200 radians/second
.and from Equation 18, the pull-in time for an unaided loop is greater than
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104 seconds. It is necessary, therefore, to provide an external means of
presetting the VCO in order to bring the acquisition time within require-
ments. By sweeping the VCO linearly at a rate of 1()4 eycles/ s«accm\ds:2
and using a 100 cycle filter followed by a threshold detector as the sensor’,
the positive half of the Doppler band (vehicle approaching the ground.
station) of 100 kilocycles will be swep; in 10 seconds. For the case of
minimam received S/ No at the vehicle at 3940 nautical mile range, a 13
db signal to noise ratio will be present at the output of the 100 cycle filter
when the VCO intercepts the signal. When the threshold is exceeded at
the output of the 100 cps filter, the sweep will be stopped and the phase
locked loop will be enabled for final pull-in, At this point, the VCO will
be preset within 100 cycies of the signal. From Equation 16, the time
required for final pull-in will be less than 0.1 seconds where the loop
undamped natural frequency, W is equal to 200 radians/second. The
threshold detector will be set at a value corresponding to a false alarm
rate of 10~ go that for a 13 db signal to noise ratio, the probability of
detection will be 90 per cent.n Under these conditions, the cumulative
false alarm probability for the entire sweep will be 10—3. Referring

back to Table 6, 25 seconds are available for acquisition at the maximum
vehicle altitude. The probability of detection within this period is greater
than 99 per cent. In the event of a false alarm in the acquisition circuit,
an "in lock'' sensing circuit will re-initiate the acquisition sweep if an
"in lock™ indication does not occur within approximately one second of the
time that the phase locked loop was enabled. For the 90 nautical mile
orbit, where acquisition within 10 seconds is required, the signal to'noise

‘ratio at the output of the 100 cps filter is 30 db and the probability of

detection on the first ten-second sweep is increased to greater than
99.99 per cent. ‘

In the tracking mode, the output of the VCO locked to the translated
and down converted 2000 Mc carrier will be used to measure the range
rate. The effective loop noise bandwidth will be 200 cps at vehicle glti-

tudes greater than 500 nautical miles. The 200 cps noise bandwidth is
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the maximum bandwidth that satisfies the requirement for S/N at the out-
put of the tracking filter to be equal to or greater than 10 db. The un-
smoothed range rate error due to thermal noise in this tracking filter will
be less than 0.04 meters/second at the maximum range. At lower vehicle
altitudes, the increased Doppler rate due to higher vehicle accelerations

" introduce larger steady-state tracking errors in the phase locked loops

due to lag (gee Section 4.1.3). Although these errors have a negligible
effect on range rate measurement accuracy as long as the loops remain
1o lock, they tend to drive the loop towarda the non-linear and unsiable
operating region. Two methods of reducing the steady-state tracking errors
will be employed which are extremely simple to implement. By sensing the
Doppler offset in the carrier tracking loop by means of a simple frequency
discriminator, velocity bias compensation can be introduced as an open
loop correction. This reduces the static error in the tracking loop by the
fractional accuracy to which the correction is made. Compensation to one
part in one hundred is easily obtained with available discriminators. This
techniqu%i,is desc,ribed further in Section 4.1.3. ,

The second method of reducing dynamic errors is to capitalize on the
greater signal power that is available at the lower altitudes at which the
signal dynamics are most severe, by increasing the loop bandwidth as a
function of altitude. By the simple expedient ot changing the loop band-
width from 200 cycles to 1000 cycles at altitudes below 500 nautical miles,
the steady-state error due to Doppler rate will be reduced by a factor of
25, while the thermal noise error will not exceed 0.038 meters/second.
Control of the loop bandwidth can be accomplished by changing the loop
gain or the time constant of the Ioop integrator. |

Two additional phase locked loops with the same parameters as the
one described above will be included in the vehicle receiver for tracking
the translated carriers that are transmitted at the vehicle at frequencies
of 2005 and 2003.75 megacycles. Velocity compensation for these loops
will be provided from the discriminator in the 2000 megacycle tracking
filter.
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The 5 megacycle fine range tone signal will be developed by product
detection of the 2000 and 2005 megacycle carriers. A 8 db degradation
of 8/ No will be enccuntered in the detection pracess (See Appendix D) so
that the minimum input S/ N_ to this loop will be 10° cycles per second.
The maximum Doppler shift and Doppler rate will be reduced by a factor of
approxxmazely 400 for this loop, due to the frequency ratio of the carrier
to the fine range tone. Velocity compensation will be provxded to this
loop from the 2000 megacycle tracking filter to reduce the steady-state
iracking errors. Unlike the range rate measurements, steady—state phase
errors in the tracking filter are added to the thermal noise in the range
measurement. Steady-state errors 'in the 2000 and 2005 megacycle loops
are essentially equal, depending on how well the parameters of the two
loops are matched, and will cancel each other in the product detector.
However, the total thermal noise errors are summed in an rms fashion. .
The optimum value for wy of the 5 megacycle loop is approxiinately 30
cycles per second and will result in a total tracking error of 1.6 meters
at the maximum range of 3940 nautical miles.

3.4 Comparisoﬁ of the Transponder Design Approach to

Other Approaches

The requirement for unattended operation in remote areas was the
overriding consideration governing the selection of the ground station de-
sign approach. For these unattended stations, the paramount design ob-
jective should be simplicity of the transponder design, employing a mini-
mum number of critical circuits and components. With the vehicle transmitter
power output established by vehicle penalty ccnsideratioxis and the error
budget, operating frequency, receiver antenna gain, and effective noise
temperature of the transponder receiver are the parameters which most -
strongly affect ground station complexity.

The design factors affecting the choice of the 2000 Mc nominal carrier
frequency are treated in Section 3.3.2. These factoi'a affect all competing
degign approaches to the ground station in a gsimilar manner.
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Conceptuauy, use of a Maser receiver in confunction with a carefully
shaped single beam antenna covering the AROD operating envelope and
with extremely low sidelobes at thé horizon, is ideal. However, at this
writing, no ’\Iasezz‘ is known to exist which has been proven feasible for
unattended opquﬁan If such a device were to be developed in the near
future, it is doubtful that the cost could be competitive with the recom-
mended desxgu approach. M‘breover such a design is mhere'ntly extremely
vulnerable to m!;etference and would probablv necessxtate the use of com-
plex, anti-interference techniques.

The two desxgn approaches described in IBM Propoesal "Airborne
Ranging and Orbu Determination System (AROD)" dated 20 April 1962,
submitted to MSFC, were considered during the study. The recommended
design approach is generically related to the approach termed "Active
Ground Station" in the proposai. The "semi-passive" approachzo*was re-
jected for two pfincipal reasons. First, for the highly directive case,
where hundreds or more elements are employed, the cost of providing a
high gain amplifier for each element is prohibitive,,' H é 1000 element
retrorefiective antenna is taken as an example, approximately 140 db of net
electronic amplification would be required for the 4000 mile maximum
slant range. In addition, the problems of maintaining differential phase
delays at the carrier frequencies within limits prescribed by keeping
defocussing effects within reasonable limits, are difficult for amplifiers
of this order of .gain. Contrastingly, in the preferi'ed design, absolute
cgrrier frequency phase shifts in the single signal processing channel
are of little concern Only the uncompensatable differential phase delays
between spectral components introduce measurement errors in the recom-~
mended approach. “The use of a single wideband multiplexed amplifier,
in lieu of the individual amplifier channels, does not appear feasible with
a practical design, insofar as the performance objectives established on
-the study are concer;md, by virtue of unavoidable intermodulation effects.
The second major reason for the rejection of the semi-passive approach
is 'the fact that its antenna gain, as a function of direction, 18 not compatible
with the operational envelope of the AROD system. If planar arrays are
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cemployed, at low elevatipn angles where maximum 2ntenna gain is required,
the gin of the planar array weuld be a minimum. No economical design
approach vas conceived during the study to circumvent this incompatibility.
Use of the self-focussing semi-passive approach and designing for more
modest antenna gain would ameliorate only the economic shoftcomings

of the apprceéh because of the large reduction of the number of elements
needed. However, all the other disadvantages would still apbly.

For the recommended approach, annular beams stacked in elevation,
where tile gain for each beam can be individually eontrolled, are ideal for
the AROD application. This served as the major reason for selecting the
reco&xmendedfantenna design in favor of the Luneberg lens that was de-
scribed in the IBM Proposal. The beam geometry of the selected antenna
is also ideal from the point of view of minimizing system performance
degr'adazion due {o multipath transmissions, inasmuch as the maximum
directivity is afforded in the elevation plane. This permits control of the
fractional transmitted power illuminating the surrounding sea or ground
clutter. For the recommended antenna, sidelobe level at the horizon will
be maintained below -20 db with respect to the peak of any of the beams.
This will obviate any significant fading and will maintain multipath errors
within the budget. ‘

Utilization of the recommended antenna in a system employing only
one scanning receiver channel introduces the complexities of implementing
a track-while-scan capability. Aithougb more complex than the recom-
mended approach for the unattended ground station, the single receiving
channel approach would afford a considerable saving in equipment costs.
This follows from the fact that the cost 'of the additional r-f switch matrix
in the receiver and the track-while-scan logic will be more than offset
by the elimination of 12 receAiving channels, each containing a parametric
amplifier. On the other extreme, the most reliable utilization of the
multi-beam antenna would be to provide individual transmitter chains for
each beam. This is the equivalent of 13 independent transponders opera-
ting with a common antenna structure. In this manner, failure of any one
of the transponders would result only in introducing a gap in the coverage
envelope of the ground station. ‘ :

a
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It is obvious that the system designer should tend towards the redun-
dant approach where the unattended station with minimal logistic support
is concerned. In terms of acquisition time, where a single receiver scans
the 13 antenna ports, the acquisition time wonld be increased by a factor
of 13. This may be only margmally acceptable. Recalling that ‘noise band
hmning is essential in the ground transponder by virtue of the limxted
spacecraft power output which results in a engnal -to-noise ratio of less :
than -19 db at the maximum range, a frequency tracking scheme must be
included. Once available, the frequency traéking circuit affords a' simple
means of hdetermining an active beam condition and permits the use of one-
to-one logic in controlling the ferrite switching matrix at the output of the
transmitter. For these reasons, use of multiple receivers rather than
multiple transmitters is justifiable on the grounds that transponder per-
formance is improved thereby, as well as reliability. The recommended
system design can be regarded, therefore, as a hybrid where the best
compromise is sought between reliability and equipment cost. Ultimate
decision as to the final configxii‘ation for the unattended stations'?ﬁ_:st
await the evaluation of the reliability factors and the logistiés costs in-
curred by component failures. 1t is appropriate that this be performed
on the aééign stud}i'phase of the AROD program.

1t is interestidg to note, that for the representative system deiign»_
chosen {or this report, ground stations located where logistic support is
readily a;*aﬂable, by tending towards the more complex track-while-scan
configuration, would result in lower equipment cost than the redundant
configurations. An additional large investment in the key parameters of
the grmad station, namely antennsa gain or effective noige temperature,
would aﬂect only a madicum of system performance enhancement and is;
therefore, nol economical. An alternate approach for selecting the active
beam of the ’nultx—beam antenna which appears promising for the manned
ground station is to emmoy an interferometer at the command link fre-
quency for controlling receiver and transmitter switching matrices in the
S-band transponder. This approach may be competitive in cost and reliability-
to the track-while-scan system and is worthy of further study. At the
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contemplated command lirk frequency (in the region of 136 megacycles),
ray bending due to refraction of the atmosphere would not introduce any
significant problems in the interferometer. The maximum gross angular
error at a 5° elevation angle would be approximately 0.5%; however, by
introducing a correction function in the read-out of the interferometer,
thig error could be reduced to less than 0.20.14

is not recommended for the unmanned station for the same reason as the

The interferometer,

track-while-scan approach, namely complexity.

3.5 Trade-off Analysis ’

As indicated earlier, the performance objectives for the representa-
tive system design werg established from an analysis of all error sources,
and the system penalties were derived [rom estimates of the weight and
input power tolerable on the spacecraft. Next will be analyzed the varia-
iions in system performance that result from changes in sysiem param-
eters to indicate ine trade-offs that are to be considered in the selection
of the operatioinal AROD system, :

In Table 7, the representative system design is compared with other
possibie system configurations on the basis of the total measurement
error. Several assumptions were necessary to facilitate the comparison;
the more important of these assumptions are:
®  The opcrating frequency is fixed at 2000 Mc, hence the propaga-

tion-induced errors are the same for all systems.

@ All systems employ a varactor harmonic generator as the: r-f

source in the vehicle. f
® The same ground station design approach, i.e., multi-beam

antenna and multiple receivers, is employed. in the ground stations

for all systems being compared.
To obtain the trade-off . data shown in Table 7,estimates were made
of the weight and input power requirements for two spacecraft systems
other than the representative svstem (see Section 4.1.6) and the antenna
gain and relative cost of two other ground stations. The relative equip-

ment costs shown in the table apply to unattended stations. For stations
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Toble 7
Trade-Off Table
System - o ) - . ‘Measur‘ement E.rrors

No Vehicle Equipment Ground Station Equipment at h=500 mi,

. ~ R=1000 mi.

* [Weight| Jreut | Power | Max. Antenna| No. |Reiative| o, o

(ibs.) "(’::ﬁ:) {(3::%; %ﬁ;‘ B:;ms Eg:;f’ {meters) | (meters/sec.)

. P 21 55] 25| 19 |®s0 | 25 32 037
2 21 551 25 13 13 10 40 069

3(low cost) 2! - 55 25 7 5 J 6.1 13
4 27 114 125 19 ~ 50 25 3.0 022

. 5 (repre-~

sentative)] 27 + 1144 125 13 13 10 3.2 034
6 27 1144 125 7 5 7 3.8 062
7{nighcost) 40 {6 250| 25 .19 ~5 | 25 30 019
8 . 40 250 25 ‘ 13 13 10 3.1 .027
® 9 i 40 | 250| 25 7 51 7 34 | 045

. with better logistics support, a sméHer variation in relative costs between
the three systems would result from the tendency to employ less redundancy.
The total measurement errors for the nine systefns resulting from all com-
binations of the three vehicle systems and the three ground stations were
then calculated from the data in Section 2.5.

Several trends and conclusions are apparent from Table 7. The econ-
omy of keeping the various error sources 'in balance" can be seen by
comparing sysiem 7 thighest cost), system 5 (rep'resenrtatwe system}, and
system 3 (lowest cost). The data for these systems indicate that perform-
ance degrades rapidly as equipment capability is decreased, while substan-
tial increases in equipment capability result in only minor improvements
in performance. Thus, an objective of 3.2 to 3.4 meters for the range
measurement error seems reasonable. With respect to the range rate measure-

ment error, approximately 0.03 meters per second seems to be a reasonable.




objective, although the balancing of this error was not a primary goal of

. the Feasibility Study.

The data contained in the Trade-Off Table will provide useful guide-
lines for the design of tﬁe operational AROD system and for the division
of system penalty factors between spacecraft and ground station. For
example, System 1 might be preferable to the representative system if
the number of ground statiéxgs were sufficiently small, or if the vehiéle
penalty reductions could justify the increased investment in the ground
siations. Alternatively, System 9 might be a superior choice to the recom-
mended system if the additional vehicle penalty were tolerable or if the
number of ground stations were sufficiently large. The ultimate choice
must await the design phase of the AROD program when missions and fe—

- quiremenis are further defined and the system can be optimized. The use of a

representative system design was appropriate for the Feasibility Study
because the ultimate choice does not reflect signif{cantly on the question
of feasgibility.

)
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Section 4

- - EQUIPMENT IMPLEMENTATIOR

4.1 Spacecraft Eqrinmorm

The discussion of the important implementation considerations affecting
the design of the representative AROD system will begin with the space-
craft equipment. In this subsection, emphasis is placed upon the transmitter,
wideband receiver, phase-locked loops, and measurement circuits. An esti-
mate of the weight, power and volume required for the spacecraft equip-
ment is included. '

4.1.1 . Spacecraft Transmitter -

The vehicle transmitter requires more power, weighs more, and
occupies more volume than any other portion of the AROD spacecraft equip-
ment. Considerable attention was devoted, therefore, to the selection of
the design approach used in the representative system.

4.1.1.1 R-F Sources

At the outset of the AROD Feasibility Study, an investigation was ini-
tiated to determine which r-f sources could be considered suitable for use
in the AROD spaceoraft transmitter. In consideration of the anticipated
maximum operating range of 3940 nautical miles and the desired AROD
measurement accixracies, power sources between 2.5 and 30 watts at fre-
quencies between 1.0 and 2.5 Gc were considered. Both amplifier and
oscillator devices were iqvestignted and a comparison was made, based
on reliability, efficiency, weight, packaging factors, modulation flexibility,
phase stability, power supply requirements and ruggedness.



The following comp’ments were investigated for suitability as the trans-
mitter output stage:

e Klystrons

® Crossed field devices including cw amplitrons and voltage tuned
magnetron oscillatars. - ’
Traveling wave tube amplifiers.
Supported Drift Tube Klystrons.
Thermionic triode-cavity oscillators, ampiifiers and multipliers.

Thermioanic ieirode-cavity ampilifiers.

® Varactor harmonic generators (selected approach).

* Stability Requirements

Regardless of whether the spacecraft transmitier output stage were an
oacillator, amplifier, or harmonic generator, a high degree of frequency
and/or phase stability would be required in 01'dexj to satisfy the measure-
ment accuracy objectives established in Section 2.5. If a high stability
crystal oscillator employing proportional type temp‘eraxure control and
having a basic output frequency in the region of 5 Mec is considered as
representative of a state-of-the-art frequency standard for spaceborne
application, a short-term stability (1 to 10 seconds) of + 2 x 10‘10 could
be achieved with a reasonable expenditure of temperature control power.
If it is assumed that the frequency varies linearly during the one second
interval, a drift of 1 x 10_11 will be encountered in the maximum propa-
gation time (50 milliseconds) for the AROD system. Long term stability
of the same unit after warm-up would be less than 1 x 10_9 per day. These
stabilities meet the performance objectives established in Section 2.5.

Indications are. that frequency standards suitable for use in a space

’envirmmentand having short term stability ot' 5 parts in 10 1 per second

will soon be available. Small transistorized pprtable laboratory type
units of the above stability are now available off -the-shelf.

I the output stage of the spacecraft microwave transmitter is self-
excited, the same degree of stability as that of a crystal standard would
be desirable. If an amplifier is employed at the transmitter output, the
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r-f oscillator stability must be preserved throughout any multiplier and
driver stages, as well as in the amplifier stage. The requirements for a
harmonic generator output stage are essentially similar to those of the

multiplier-driver, except for the higher power handling capability.

Iﬂxsirons y .
The investigation of the Klystron oscillator showed that a high degree
- of frequency stability can be achieved in ground-based equipment by either
¥ passive stabilization or by phase-lock to a quartz crystal reference.
Several state-of-the-art phase-lock sysierhs are capable of one part in
: 108 per second short term stability and one part in 106 per week over + 5° C
temperature range, but the efficiency and the ruggedness of such equipment
is not well suited for space application. In consideration of the phase
| stability requirements‘of an amplifier stage at the output of the transmitter,
the Klystron amplifier is quite inefficient due to the requirement for a high
“ﬂegree of p(;wer supply regulation in addition to the basic amplifier in-
efficiency. o |

Crossed Field Devices

Of the crossed field devices, the Amplitron has been found to be the
most efficient. The Raytheon QKBS997 is capable of producing & minimum
‘power output of 25 watts at 2200 Mc with a plat_e circuit efficiency in excess
of 50 per cent. The driving power at this output level would be approximately
250 milliwatts. This could be easily supplied by a crystal oscillator and a
varactor multiplier chain. Although the Amplitron presents a number of
advantages, power supply regulation becomes a considerable problem when
a curve such as that skown in Figure 17 is considered. The extreme slope
of the V-1 chéracteristic makes the maintenance of phase stability very
difficult for any constant current supply suitable for spacecraft installation.
At the moment, this appears to be the principal problem associated with the
use of the low power cw Amplitron in the AROD spacébofné transmitter.

The problem of maintaining the low power cw Amplitron at the critical
operating point has been studied for some time by the manufacturer. Since
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little anode current can be drawn, except at the correct voltage for inter-
action at the frequency of the drive signal applied, the key to sucoessful
operation is that the Amplitron must be maintained at a constant current

13 It is therefore convenient to set the voltage with a power supply

level.
that utilizes a feedback circuit for current regulation. A suitable current
supply has been designed and developed by the Amplitron manufacturer,
but éonsidarableﬁdditioﬁai work is needed to prove that performance is
satisfactory for AROD mainly with regard to efficiency.

Problems associated with the permanent magnet thal is part of the

\
,Eg Amplitron structure must also be considered. Figure 18 illustrates tem~

*

perature characteristics of a Raytheon QKS397 Amplitron.
An interesting characteristic of the Amplitron is its ability to serve

as a passive transmission line when the high voltage is removed. With a

low forward insertion loss of 0.2 to 1.0 db, afx additional element of re-

liability is added to £§e system if the driver power level is suitable for
, " use as an output signal in an emergeﬁcy. Furthermore, this point may be
‘ ' an i’t_nportant factor if the higher powei' capability of the Amplitron were
to be employed only for long range operation and at other times, the trans-
niitter power ‘were reduced to conserve gpacecraft primary power. Further
improvements in the cw Amplitron inay make it suitable for AROD applica-
tion, especially where higher r-f power levels are desirable; however its
suitability from the reliability standpoint remains to be proven.

Since the Voltage Tunable Magnetron (VIM) can be frequency con-
trolled, frequency or phase modulated, and can withstand the vibration and
shock associated with operation in a spaceborne environment, it was con-
sidered for use as the output stage of the AROD spacecraft transmitter.
VTM's are available in frequencies ranging from 0.5 to 10.5 Gc with out-
puts from 0.5 watts to 50 watts. Typical plate efficiency is about 40 per
cent. The VTM is essentially a wide-band device that can be linearly
tuned at rates in excess of 1012 cycles per second squared. To adapt it
to a narrow-band application involves utilizing special techniques in high
voltage regulation and AFC to hold the center frequency within the speci-

fied tolerance. To provide 2 high degree of frequency stability, a feedback
‘ circuit is required. Circuits that are applicable include:
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Frequency comparison
Phase comparison
Injection locking

® Load mismatch

JOf these, injection locking appears to be the most suitable for AROD use

smeg it provides emous control of the output frequency and does not
present problems associated with the comparison rate of the frequency
comparison and the phase comparison cirenite. Control by load mismatch
is not applicable to AROD needs, since frequency error would be no less
than about 0.1 per cent. With injection locking, power supply regulation
problems are similar to those associated with the Amplitron, except for
the peculiarity that exists in the Amplitron control locus. No known simi-
larity exists for the VTM. An additional problem of concern is permanent
magnet flux density variations caused by changes in magnet temperature.
During the manufacturing process, the tube's permanent magnet is stabil-
ized and temperature cycled to minimize these variations, but even with
special design the measured ’temperamre/frequency variation is presently
1.8 x 107> percent per degree C. Fundamentally, the appiicability of the
VIM to AROD compares to that of the Amplitron. The overall efficienéy
would undoubtedlybe somewhat less due to the lower efficiency of the tube.

Trg;;elmg Wave Tube Amplifiers

The mvestigatwn of the Traveling Wave Tube (TWT) bas indicated that
there are a pumber of units available for spaceborne application in the
S-band frequency region. The state-of-the-art for these units is well
advanced and several S-band units including solid-state power supply are
available off-the-shelf. These unite have been primarily degigned for
satellite telemetry-communicyatig& wideband microwave amplification.

The efficiency for the tube (inclu&ing heater power) is approximately 30
per cent at midband. For a 12 watt r-f output §ackage, including an all
solid-state power supply, the nominal overall efficiency is approximately
15 per cent. In an AROD application, the poini of concern for the TWT

would be the phase instabilities which are generally functions of power

H

93



supply variations and changes in environmental conditions. At the time of
the investigation, no exact data was available on this point, but it was
generally agreed among manufacturers tixat a "rule of thumb" to follow
would be that 0.01 per cent changes in helix voltage will cause a 1 degree
change in phase. The anode and grid sensitivities are approximately 10
per cent of the helix sensitivity.

Supported Drift Tube Klystrons

The Eimac Suppox;ted Drift Tube Klystron (SDTK) has been considered
during the spacecraft transmitter component investigation, since it appears
to offer simplicity, ruggedness, and high degree of stability without some
of the disadvantages of other tube devices. Mainly, since the SDTK does
not employ a magnetic field, the problems associated with the use of a
permanent magnet are eliminated. Significant features of the Eimac
X-1005 are 10 watts output in the region 2200 to 2300 megacycles with
.005 per cent frequency stability when operating as a powér oscillator.

It appears that it would be difficult to achieve a frequency stability better’
than one part in 107 even by phase lock'ing to a crystal oscillator-multiplier
chain. The efficiency (including heater power) is estimated as being greater
than 30 per cent.

The major problem associated with this device is that of modulating
the output signal. Presently, the modulation bandwidth is specified as
being + 200 kc although it is estimated that an electronic bandwidth of + 1
MC¢ can be achieved through the use of a varactor modulator that is coupled
to the oscillator cavity. Further investigation would be required to deter-
mine if the SDTK could fullfill the AROD frequency stability requirements
via phase-lock to a crystal controlled fréquency generator and at the same
time provide the desired modulation bandwidth. Considering that the AROD
modulation index is small, the SDTK may be useful if power supply regula-
tion requirements do not present unusual problems. This device is not

known to have unusual voltage or current characteristics.

1
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Thermionic Devices

A number of cavity thermionic devices were investigated including
the following:

® Cavity oscillators

®  Cavity amplifiers

‘@  Cavity multipliers
Of these, the mitﬁ amp!ifier' is most suitable for use in the design of an
AROQOD transmitier, although its use includes the usual problems assogiaied
with regulation of the high voltage supply.

Several cavity triode amplifier units are available off-the-shelf for
spacetbrne operation at S-band. Models are available with r-f output power
up to 25 watts. Plate circuit efficiency for these units is appfoximately
385 percent.

Until recently, the triode and the cavity for all of these units were
built sepdrately and a suitable combination was chosen by the designer and
manufacturer of the urit assembly. An advancement in the state-of-the-art
that is said to provide increased stabﬂiq; is a cavity-triode assembly manu-
factured as a single unit. The cavity of this unit is evactated during the
manufacturing process. An additional feature of this device is a second
filament that provides quick warm-up for intermittent operation. If em-
ployed in the AROD transmitter, this feature would be a desirable one,
since it may provide a considerable power saving.

Among the disadvantages associated with the use of the cavity triode
amplifier in the AROD transmitter design is the low gain which is approx-
imately 10 db for the higher power units. Although a cavity tetrode could
possibly prm}ide increased gain, no suitable unit was found for operation
at S-band. |

Varactor Harmonic Generators

As is the case for most spaceborne electronic equipment, the high
degree of reliability to be realized from the use of solid-state components
is extremely desirable in the spaceborne trausmitter of the AROD system.
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Through the use of the varactor Harmonic Generator {HG), it may be pos-
sible to generate r-f energy at S-band having the same degree of stability

as that of its lower frequency driving source which can be a transistorized
temperature controlled crystal oscillator. With this design, the require-
ments Iorextremely well regulated high voltage supplies and regulated fila-
ment supplies are eliminated. However, a well regulated low voltage source
will be required for generating sufficient VHF energy to drive a varactor
mulitiptier chain to the desired cutput level at S-band. Present state-of-
the-art capabiiiiy for ithe varactor harmonic generator at 2 Ge is approx-
imately 2.5 watts r-f output power and the efficiency will be dependent

upon the order of multiplication. Typical efficiencies for the HG when driven
in the 100 megacycle region are: 70-80 per cent doubling, 50-70 per cent
tripling, and 40-50 per cent quadrﬁpling. Presently, efficiencies at S-band
are somewhat less, but considering the rapid advance of the device tech-
nology, both the efficlency and the power handling capability should soon
approach the present performance at VHF. Typical conversion efficiencies
for various types of harmonic generator circuits at S-band have been shown
to range from 35 per cent for a quadrupler to 60 per cent for a doubler
when using a micro-—etci: germanium varactor diode.

In addition to the epitaxial and gallium arsenide varactor diodes that
have cut-off frequencies above 100 Gr and are gunitable for eofficient harmonic
generation at §-band, the diffused-junction silicon varactor diode such as
the Raytheon j
100 watts of r-f power at 100 megacycles with an efficiency of 85 per cent

K 303 is of interest, since it can deliver approximately

as a doubler,

For the varactor HG to be useful in the AROD spacecraft transmitter
it may be necessary for the r-f energy at the ourput stage to contain the
range tone modulation, It has been shown 16 that the varactor frequency
multiplier can be amplitude, frequency or phase modulated in that it can
reproduce the driver modulation at the output of the multiplier. Amplitude
modulation is not of interest in the design of the AROD transmitter. There-
fore, it will not be considered. In both FM and PM, since the total power
remains constant throughout the sequence of modulation, the HG chain can
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be optimized at only one power level with no concern for input-output power
linearity. Since a typical doubler can provide approximately 10 per cent
bandwxdth no difficulty should be experienced in passing the significant
su:lebands that contain the AROD range tone modulation if a low modula-~
tion index is employed. Parameters for the AROD system indicate that only
a low index is. required. Since several cascade multipliers will be re-
quired to generate the S-band energy, "the half power bandwidth of the multi-
plier chain must be considered. Again, no problem is foregeen since a
large number of significant sidebands at the transmitter output is neither
required nor desirable and the modulation bandwidth will be relatively
small.

Among the problems assogiated with the use of the cascade HG is the
degradation of performance with changes in average varactor capacitance,
circuit inductance changes, etc., caused by various environmental condi-
tions. Obviously, if the number of components can be kept small, the com-
plications will be minimized. Therefore, an important qualitative consider-
ation in the design of a multiplier chain is the harmonic number, since it
will directly influence the number of components. It has been pointed out
that the key to obtaining good efficiencies in high order multipliers is the
17,18 Since this will entail the use of additional
components, high order harmonic generation in a single stage must be

use of "idler' circuits.

compared against the use of doubler stages on more than just the basis of
efficiency. When the output frequency is as much as one-tenth of the varactor
cut-off frequency,, the doubler has been found to be decidedly more efficient
than higher order multipliers. On this basis, a doubler appears to be the
best choice for the final stage of the varactor HG AROD spacecraft trans-
mitter. d

4.1.1.2 BSolid State Transmitter Design

This section treats the design of the spacecraft transmitter for the
representative AROD system based on the choice of the varactor HG as
the most suitable design approach.
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In order menipioy the varactor Harmonic Generator in the design of
an S-band AROD épacecra.ft transmitier, some means must be found to
generate the r-f spectrum energy in excess of the state-of-the-art capa-
bility of a single varactor cutput stage. Since the AROD spectrum will be
made up of both modulated and unmodulated fixed frequency microwave
signais, it becomas possible to generate the signals individually in separate
HG chains. The energy can then be summed and. fed to a single antenna for "
transmissmn ‘This approach is employed in the design description that
follows,

The microwave r-f spectrum to be transmitted is illustrated in sugure
19. To satisfy AROD performance requirements as discussed in Section 3.2,
frequencies fl and f3 are each generated at a level of approximately & watts.
To accomplish this, the output energies of two 2.5 watt HG chains are
summed. Since modulation is not employedl on either of these signals, the
problem of maintaining correct phase relationship is not a serious one,
When properly designed to compensate for environmental changes such as
temperature variations, each channel can be pre-adjusted for optimum
performance. Since the two hranches of a gingle channel are driven from
a common source, only phage stability is of concern.

Frequency f, is phase modulated by the four lowest frequency range
ambiguity z*esoiv“ing tones. These are harmonically related signals and all
are generated in the irequency synthesizer. In the design of the r-f spec‘-
trum, the range tones were selected so that the power level at frequency
f3 (including the sideband power) need not be greater than 2.5 watts. This
permits the use of a single HG chain for generating carrier frequency f3
-and the associated modulatian spectrum. )

Power summing will be one of the problem areas associated with the
design of a transxgxtter where the r-f energy from three separate sources,
each having a different {requency,is to be summed into a single antenna.

As explained earlier, the individual branches of a channel having a common
frequency, for instance the 2.000 Ge channel. should cause no serious prob-
lems, gince phase and amplitude can be adjusted so that a hybrid ring can
be employed to sum the power. Very little'loss should occur at the differ-
ence port of the ring if phase and amplitude stability is assured. This
arrangement is illustrated in Figure 20 for frequencies fl and f3.
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To sum frequencies fl’ f,, and f into the common antenna. directional
filters are employed. Since the separations between frequencies are rela-
tively small, high.Q cavity type filters will be required. Strip-line configu-
ration is ruled out at this point since the unloaded Q of typical dielectric
material mdicates insuifxment isolation would result. 19

Although dxrectxmal filters and a2 common antenna are suggested, and
are fllustrated in the block diagram of the transmitter, the use of separate
antennas for each of the radiated irequencies offers another possibility.
The nnportam point here would be to achieve a common phase center in
the design of the antenna. A design such as a turnstile could satisfy this
condition. In addition, the cross polarization would provide good isolation
between channels due to the low mutual coupling., Three elements would
be required for the three frequency AROD spectrum. Any single element
could be used for reception, since circular polarization is suggested as
most desirable for the ground station antennas.

A basic block dmgram of the r-f section of an all solid-state AROD

' 'transmjxter design appromh is shown in Figure 20. This 1llustration also

includes the input section of the spacecraft receiver which will be discussed
later. Five varactor HG chains ‘'are employed in this design and each is
supplied with sufficient r-f energy in the region of 80 megacycles to pro-

duce the degired output level at microwave frequencies. Highly stabilized

input signals are supplied from the spacecraft frequency synthesizer, and
transistor amplifiers are used to generate the required drive level. Since

“ a b watt power level is desired at 2.000 Ge and 2.005 Ge, two HG chains

are used at each frequency and the power is summed to produce the 5 watt
level. In this case, the transistor ampliﬁers must provide sufficient power
to drive the parallel brmches S

Since only 2.5 watts of power, mcluding ﬂxe suieband power, is required
at 2.00375 Gce, a single HG chain is used. The transistor amplifier for

A driving this multiplier chain provides approximately one-haif the r-f power
~ level of those for driving the parallel HG chains.

[ R 1 )




4.1.1.3 Modulator

Referring to the illustration of the transmitter r-f spectrum, (Figure
19) microwave frequency f2 is shown phase modulated by ambiguity re-
solving tones of the following frequencies:
5/32:Mc ' ~ 156 ke-
5/512 Mc =~ 9.8ke
*5/8192 Mc w~ 610~
*5/262,144 Mc~ 19 ~

*To assure reliable performance of the spacecrafi receiver
phase-locked loop whose purpose will be to track the carrier

frequency fp, the 610 ~ and the 19~ range tones are complemented
with the 9.8 kc tone.

Thig removes modulation tones from the vicinity of the carrier.
The mixing process to accompligh this is shown in Figure 20
along with the linear mixing of all ambiguity resolving tones to
provide the composite input signal to the modulator.

Since the modulation index of the range tones will be kept small in
order to limit the significant sidebands to only a first order set per range
tone, multiplication of the modulation index need not be resorted to in order
to produce the desired results. Therefore, there are a number of points
along the chain of transistor amplifier and varactor harmonic generator
stages of the f2 microwave channel at which modulation could be accomp-
lished. For simpiicity, this point is shown at the transistor amplifier in
Figure 20.

Indications are that a varactor frequency multiplier may be made to
serve the dual purpose of harmonic generator and phase modulator .8
Particularly, since the modulation bandwidth requirement is small, it may
be desirable to modulate in a later stage of the carrier generator chain.
The quadrupler or first microwave doubler may prove to be a desirable
point for injecting modulation. v

Given a power capability of approxiﬁaately 2.5 watts, it is desirable
to distribute this power as follows:

-
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‘ Carrier — 1.0 walls
156 ke - 0.8 watts (total first order sidebands)
9.8kc -~ 0.1 watts (total first order sidebands)
600 ~ -~ 0.1 watts (total first order sidebands)
19 ~ ~— 0.1 watts (otal first order sidebands) ’

The modulation index for the 156 kc tone would be approximately 0.8
radian. For the remaining tones, an index of approximately 0.3 radian
would be required.

4.1.1.4 Frequency Synthesizer

Repeéting the figures that have been given earlier in the report re-
garding frequency stability of the AROD transmitted signal, it is within
the state-of-the-art to achieve a short term stability of approximately
5 parts in 1011 per second. Indications are that stability per day would
be better than 1 part in 109. This degree of frequency stability requires
proportional temperature control matched precisely to the turning poin
temperature of the crystal. Quartz crystals operating in the frequency
region of 2.5 to 5 megacycles seem most suitable. In selecting the basic
frequency for the AROD frequency synthesizer, 5§ Mc seems a logical choice,
since direct calibration against frequency standards, for example WWV, is
easily achieved.

From this gne frequency standard carried aboard the spacecraft, all
radio frequency, intermediate frequency, and range tone signals will be
generated. Figure 21 is the basic block diagram of the synthesizer. In

is fllustration, only the range tones, the Doppler bias frequency, and the
transmitter driving signals are synthesized. In addition, twelve intermedi-
ate frequency local oscillator signals will be required for the spacecraft
receiver, -

For simplicity, circuitry for generating the local oscillator signals
has been. omitted from the diagram, since the generation process is iden-
tical with that shown for other signals, k
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. : A time-base will be required for making Doppler and range measure-
ments. This signal will be derived from the 5 Mc frequency standard.
The exact circuitry of the timing pulse generator illustrated in the block
diagram, Figure 21,will be dictated by measurement reqmrements and
computer interface parameters.

4.12 deeband Receiver

The snaoecraft receiver will sense the retransmitted spectrum from

PPN P psegperry- | P oy } PN rrovrvs) aba

up to four commans'i selected ground stations. For any single gro sta-
tion, the spectrum at the receiver will be similar to that sent to the ground
by the transmitter (see Figure 19) except that it will be shifted by the ground
station translation frequency plus the two-way Doppler. It is important to
minimize overall receiver bandwidth and to assure minimum cross-talk
between the four sets of signals. The four-station spectrum illustrated in
Figure ZQhas been chosen as representative for this study. Four ground

N stations so arranged would eccupy a maximum bandwidth of 11.250 Mc plus
two times the two way Doppler, or approximately 12 megacycles.

4.1.2.1 R-F Amplifier

Referring to the illustration of the vehicle AROD transmitter-receiver
r-f section, Figure 20, the 12 megacycle spectrum received by the space-
craft transmit-receive antenna is presented to the input of the receiver
r-f amplifier through a diplexer and a pre-selector filter. A tunnel diode
amplifier will be used to amplify the incoming spectrum before down con-
i verting to the intermediate frequency¥ (i-f). Off-the-shelf tunnel diode
microwave amplifiers are presently available having a noise figure of less
- than 4 db and a gain of approximately, 20 db. Theae amplifiers are capable
of bandwidths in excess of 100 Mc. Therefore, no problem is foreseen in
obtaining uniform response within the 12 Mc passband required for the
AROD receiving spectrum.
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4.1.2.2 Mixer

A tunnel diode mixer will be used to down convert the amplified micro-
wave signal spectrum to the i-f spectrum of approximately 54 to 66 mega-
cycles. Since this converter requires only 1078 watts of local oscillator
power' a small sample of the 2.000 Ge éignal from the transmitter output
can be employed a8 the receiver mzcrowave local oscmator, Deriving the
local oscillator signal in ﬁns manner will permit preservation of the trans-

mit-receive signal relationships which are essential to the performance

£ o ey vy
of accurate AROD measursments.

Isolation will be a point of concern in the design and development of
the r-f section of the receiver. For the assumed system parameters, the
center of the mierowave spectrum received from the four ground stations
will be about 60 megacycles lower in frequency than the 2.000 Ge trans-
mitted signal. Therefc;re, the minimum separation between transmitted
and received signals at the space vehicle will be approximately 54 mega~
cycles. Although it would be considerably less difficult to achieve the ;
desired receiver-transmitter isolation if 8 greater frequency separation
were emplfyed, AROD measurement accuracy requirements dictate that
the frequency translation at the ground stations be made as small as pos-
sible in order to reduce the effects of translation oscillator drift. A mean
translation frequency of 60 megacycles appears to be a reasonable choice
whereby receiver-transmitter isolation requirements can be satisfied.
Miniasturized coaxirl circulators and multi-section pre-selectors are
applicable for achieving the isolation. Sub-miniature circulators are now
available for operation at S-band having & nominal isolation of 20 db and
an insertion loss of less than 0.3 db. With optimum antenna match, isolation
could be increased to approximately 30 db. The unit welght is less than
- 3.ounces and size is approximately 3 cubic mehn.

To achieve an isolation of approximately 79@,& between fransmitter and
receiver, a 4 section interdigital bandpgss filter can be added between the
circulator receiver port and the receiver., For a rejection of approximately
40 db of the transmitted microwave spectrum at the receiver input and a
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passband of 15 megacyeles, the filter insertion loss would be approximately
0.5 db. Size of the unit would be approximately 10 cubic inches and weight
i8 estimated at 0.5 pounds.

Another device that may find application in the design of the AROD
‘transmitter-receiver microwave r-f section is the ferrite limiter. Several
models are available using a garnet sphere in a dielectric-filled strip-line
coﬁfiguration whereby the integration of the limiter with other circuit com-
ponents into a single strip-line s\ibassembly is facilitated. In the frequency

raglgn of 2 f‘.n it hac bhoen anf:mafor‘ that f‘\nl 1nrr throchold of eu ich o

unit could be made as low as a few microwatts if the bandwidth were small.
Although the insertion loss is high when compared with other microwave
components in the receiver input section, the acceptance of the 2 db loss
could prevent overload in a later receiver seetion, for instance the tunnel
diode amplifier.

Since the minimum power requirement for the receiver local oscillator
is approximtely 67 db below the power level of the 2.000 Gc transmitted
signal, sufficient isolation must be provided in the diplexer and the re-
ceiver pre-selector to prevent receiver overloading. Even more important
regarding the isolation problem will be the elimination of receiver inter-
ference from the 2.00375 Ge and the 2.005 Ge transmitted signals. To aid
in accomplishing this, the transmitter and receiver spectrums have been
so arranged that the transmitter interference signals are furthest from the

receiving spectrum.

4.1.2.3 Wideband I-F Amplifier

Before separating the twelve major signals contained in the down con-
verted microwave spectrum, a wideband intermediate frequency amplifier
will be employed to increase the signal amplitude. An i-f center frequency
of 60 Mc has been chosen since it is compatible with both bandwidth and
gain requirements. Up to 100 db of gain can be achieved in off-the-shelf
equipment that includes tunnel diode microwave amplifier, tunnel diode

mixer, and transistorized i-f amplifier,
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4,124 PostI-F Receiver Circuits

In order to provide similar characteristics for detecting each of the
twelve major signals of the received spectm‘m, wherever possible identical
circuitry is employed in each channel of the post i-f section of the receiver.
Figure 23 is a simplified block diagram of this receiver section. It illus~
trates the equipment associated with the reception of one ground station.
Referring to the AROD frequency allocation table, the microwave frequencies

- transmitted from ground station aumber 1 would be 1934.375 Mc, 1938.125
Mc + moduiation tones, and 1939.375 Mc. These frequencies are based on
a translation at the particular ground station of 65.625 Mc. Zero Doppler
is assumed for this example. '

After down conversion in the r-f section of the receiver, the micro-
wave signals trénsmitted from ground station number 1 appear at 65.625 Mc,
61.875 Mc (plus sidebands) and 60.625 Mc respectively.

Identical 5 Mc passband amplifiers are employed to feed each of these
sigpals to & phase-lock tracking filter. Each ampliﬁer will have a passband
somewkat in excess of two times the maximum Doppler bandwidth for the
signal returned from the ground station. This will be approximately 500 kc.
Each incoming signal is converted to a mean frequéncy of 5 Mc by mixing
with a signal that is derived by combining an r-f signal from the frequency
synthesizer.

" To prevent cross coupling of the intermediate frequency local oscil-
lator signals, isdlation émplifiers are employed to couple the output of
the 60 Mc wideband amplifier to the individual mixer circuits that drive
the phase—lock‘ loops. Isolation is important here, since some local oscil-
lator signals may be identical in frequency to that of a down converted
received signal in another channel.

. Automatic Gain Control (AGC) should be provided to the wideband
amplifier to prevent possible overloadiﬂg, but since the signal levels from
the individual ground stations may differ, séparate AGC signals are gener-
att;d in each channel of the receiver. In the final design, it may be possible
td simplify circuitry somewhat by generating only one AGC signal for con-
trolling all recéiving circuitry associated with a single ground station.
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_To generate an AGC signal that controls the gain of the 5 Mc bandpass
-amplifier, the cutput signal is mixed with the 5 Mc VCO output that has

been shifted by 90 degrees. A filter is used to remove variations such as
might be caused by modulation, etc., and to provide the desired AGC time
constant. The output of the filter is used to control the gain of the bandpass
zimpliﬁér. y Coe

The output signal of the 5 Mc amplifier is passed through a limiter
circuit before being appiied to the phase detector where the signal phase
i8 related to the phase of the 5 Mc VCO signal. After phase-lock is accom-
plished in each of the three channels, Doppler information is extracted
from the channel associated with the 2.000 Gec transmitted signal. Product
detectors are employed to extract the 1.25 and 5 Mc signals, and the 156
ke, 9.8 ke, 610 cps and 19 cps ambiguity resolving tones are extracted

" from the receiver channel (1b) associated with the 2.00375 Gc transmitted

signal. Since these signals have been mixed during transmission to pro-

duce complement tones, a reverse process will be required at the receiver

to regenei'ate the 19 cps and 610 cps range tones. The preservation of
phase information contained in the lower frequency ambiguity resolving
tones is equally important to that for the 1.25 and 5 Mc tones. This is to
be congidered in the design of the de-complementing circuitry. This point

g tha range toneg,

is also of concern in separating the rang

4.1.3 Phase Locked Loops

This subsection contains a discussion of the design of phase locked
loops which are required as a part of the AROD spacecraft equipment. The
first part illustrates the type of laoops required and some operations on the
signals which simplify the task required of the phase locked loops. This
is followed by a brief discussion of the operating principles of phase locked
loops during both acquisition and tracking.

Phase locked loops are used in the spacecraft receiver as narrow band
filters. This results in an improvement in signal-to-noise ratio (S/N) which
is equal to the ratio of the bandwidth of the noise at the input to the loop to
the noise bandwidth of the loop. The required input noise bandwidth is
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principally determined by the range of Doppler frequencies which must be
tracked, and the noise bandwidth of the loop is essentially determined by
the rate of change of Doppler frequency. An improvement of the order of
100 to 1 is typical for the loops considered in this report. However, before
the increase in signai-to-noise ratio can be obtained, the input frequency
must be determinéd, In addition, the loop must be capable of changing the
center of its passhﬁnd rapidly enough to track the signal as its frequency
changes. Hence, it is imperative that we investigate both the acquisition
amd iracking properties of the ioop.

The spectrum described in Section 4.1.1.2 requires phase locked loops
which operate on frequencies of 5, 2000, and 2005 megacycles. Phase locked
loops are not required for the range ambiguity tones (Section 3.2). Since
the frequency diﬁ'erexice between 2000 and 2005 megacycles is small com-
pared to 2000 megacycles, the loops which are locked to these frequencies

will contain similar components.

4.1.3.1 The Range Rate Loop

The carrier frequency (2000 megacycles) is the first signal component
acquired by the AROD system. The three important goals for the AROD

system which make the frequency acquisition problem a difficult one are

1. It is required that the signal be acquired within ten seconds for
the 90 nautical mile trajectory. (Section 3.4)
2. In order for the AROD system to be able to acquire at any point
in a vehicle's trajectory, it must be capable of acquiring over the
complete Doppler range of 100 kc: (Section 3.4)
3. The signal-power-to-noise-power ratio at the output of the Voltage
Controlled Oscillator (VCO):(Figure 24) must be greater than 10
to avoid threshold effects.21
The simultaneous realization of these goals is difficult to achieve because,
as will be shown later, a short acquisition time requires a large natural loop
frequency (Equation 41), as does a large acquisition range (Equations 37 and
40) while a large signal-to-noise ratio requires a small natural loop
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frequency (Equation 18). In order tc achieve our objectives it is necessary
to add an external acquisition scheme to the basic phase locked loop shown
in Figure 24,

During the early part of the AROD Feasibility Study the most promising
external acquisition scheme for the tracking receivers was believed to be
a Chirp matched filter .22 However, as the signal dynamics requirements
became better established (see Appendix D), it was found that a simpler
technique would suffice. In essence, this technique requires an exiernal
sweep circuit which sweeps the entire range of possible Dof:pler frequen-
cies as is shown in Figure 25. The operation of this circuit can be described
as follows:

1. [Initially, the problem is the acquisition of a signal.of known carrier
frequency perturbed by an unknown Doppler which may vary over the range
of + 100 kc to 0. In order to accomplish this, gate 2 is open and gates 1 and
3 are closed, so that the VCO (voltage controlled oscillator) is being swept
at a rate of 104 cps per second. Hence, it takes 10 seconds to sweep the
complete 100 ke range. The resultant output from the mixer is passed
through a fiiter with a passband from 0 to 100 cps. The output of the filter
peaks when the frequency of the ixiput signal coincides with the frequency
of the sweep generator. Ff:)r the signal-power-to-noise-power ratios ob-
tained by ihe ARCD system, the threshold can be set so that the probahility
of detection will exceed .9 in a single pass and the false alarm probability
will be less than 10°%. (Section 3)

2. After a signal has been detected, gate 2 is closed and gates 1 and
3 are opened. The phase locked loop takes over the remainder of the ac-
quisition function and then tracks the signal. The time required to com-
plete acquisition of this signal is much less than one second because the
Doppler uncertainty has been reduced to 100 cycles per second. (Equation 41)

The discriminator shown in Figure 25 assists the basic phase locked
loop during tracking by feedihg back a voltage which is proportional to the
Doppler frequency portion of the VCO output. The advantage accruing to
the loop from the use of this feedback can be explained best by considering
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&

the tracking performance of the phase locked loop both with and without
feedback. The essential difference can be appreciated for an input signal
of constant frequency @, + A, where «, is the frequency of the input signal
for zero Doppler frequency and A is the Doppler frequency. It is conven-
ient to design ﬂ:e VCO sc that its output frequency is wy when its input is
zero volts.

It will ‘be shown in Section 4.1.8.2 that the steady state tracking error
{i.e., the pl;‘ase difference betwcen the input signal and the VCO ocutput) is
proportional 10 A in the absence of feedback. The eifect of the feedback
is to continuouéy bias the VCO so that in the absence of an error signal
from the low pass fil},er, after a time to’ the frequency of the VCO ouiput
continues at the value it had attained at tys in the absence of feedback the
VCO output frequency would tend towards W, after time to. This heuristic
argumient is an indication of how the discriminator continuously biases the
VCO, and hence. makes the effective value of A proportionai to how well the
response curves of the VCO and the discriminator are matched. (It is easy
to match these curves to one part in a hundred). With this circuit, the
tracking error due to the Doppler offset and the rate of change of Doppler
frequency are balanced. Naturally, the linear ranée of the VCO is inde-
pendent of whether or not feedback is used and must be greater than the
total Doppler frequencv. The output of the discriminator is also used as
a bias compensator for the VCO in the 5 Mc fine range phase locked loop.

In addition, it has been found that the loop performance can be signifi-
cantly improved by varying parameters as a function of vehicle altitude.

At high altitudes, the signal-power-to-noise-power density ratio is small,
and heﬁce, the loop bandwidth must also be relatively small so that the
signal-powef—to—nbise—power ratio is acceptable. Fortunately, the fre-
quency of the signal being tracked does not change rapidly so that the track-
ing error given by Equation 20 is not excessive and the small loop band-
width is acceptable. At lower altitudes, higher Doppler rates are expected,
and hence, larger loop bandwidths are necessary to avoid large tracking
errors; the signal~power—to—noiae—§ower density ratio also increases so
that the loop bandwidth can be increased without exceeding the noise error
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requirements. The improvement obtained by using one set of parameters
at altitudes above 500 nautical miles and another set below 500 miles is
indicated under "Computation of Loop Performance."”

4.1.32 Fine Ranging Tone Phase Locked Loop

“The design objectives for the fine ranging tone and range rate phase
locked loops differ greatly. The requirements for the fine ranging tone

I-“ warciimnrnmantae AF tha Aowmiaw 1
e ¥ ik

o
Tnan and ‘l-\a reazons they Jl“ oIn s of c carric

locp reoasons they diffe
are the following:

1. The fine ranging tone must be acduired in less than one second.
This is consistent with the overall system requirement to begin tracking
after approximately ten seconds for the 90 mile orbit since acquisition of
the & Mc tone cannot begin until after the carrier signal has been acquired.
The acquisition of the carrier and fine range tone must be performed
sequentially because the fine range tone is derived by mixing the 2000 and
2005 Mc loop VCO outputs. |

2. This loop must be capable of acqmrmg over a Doppler range of
250 cycles per second. This is much less than the Doppler range of the
carrier signal because Doppler frequency is proportional to the frequency
of the tone.

These conditions are easy to meet because the carrier loop is locked
to the correct frequency. Hence, the output of the discriminator on the
range rate loop (Figure 25) can be used to bias compensate the fine range
tone loop (Figure 26) as well as the range rate loop. This means the loop
needs to acquire a signal which differs in frequency by a small amount
from the biased center frequency of the VCO. In addition, the bias com-
pensation which has been added to the loop will help reduce the tracking
errors to significantly smaller values than would be otherwise obtained.
The performance of the loops are shown in the next section.

4.1.3.3 Computation of Loop Performance

The acquisition and tracking performance of the carrier phase locked
loop circuit i described in summary form in Tables 8 and 9. Table 8
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{llustrates the performance of a carrier 4oop for one set of loop circuit
parameters; Table 9 shows the improved characteristies when the loop
parameters are a function of vehicle altitude. For the case illustrated in
Table 9, one set of parameters is used for altitudes which are above 500
nautical miles and another set 18 used below 500 na.utical miles. (Optimi-
zation of the loop parameters and switching altimde was not a primary goal
of the Feasibility Study but is an apptopriabe subject for study in subsequent
phases of the AROD program.) .

Implementation of & circuit which utilizes the two sets of pérameters
is simple since it only requires two low-pass filters and a switch to acti-
vate the appropriate filter into the loop. A furtherA improvexx;ent in the
operation of the loop can be obtained by making the loop parameters a con-
tinuous function of altitude. This may be done by simply using a potentiom-
eter in place of the resistor R shown in Figure 27 and is worthy of further
study. . ‘

Table 10 illustrates the performance of a loop which is designed for
tracking the 5 Mc fine ranging tone.

A short discussion of these tables follows: (A more complete discus~
sion and derivations of all formulas used are contained in Sections 4.1.3. 2
and 4.1.3.3.):

1. The parameters X, 7, and +' are the circuii pdrdeLEI‘s of the
loop. The loop gain in radians per second per radian is K, and ~ and +~' are
the time constants of the low pass filter (Figure 27).23

2. " The performance of the phase locked loops is shown for altitudes
&) from 90 to 2000 nautical miles and elevation angles (E) from 5° to 90°.
The effective offset frequency, A eff is obtained from Equanon 21 and
Appendix D; the rate of change of Doppler frequency (A) is taken from
Appendix D. ,

3. The effect of nolse during tracking is described by the standard
deviation of the phase error due to noise (on). For large signal-to-noise

ratios
B 1/2 .
g, = -—-7-- (radians) (17
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The signal-power-to-noise-power density ratio (S/ N ) is calculated fram
Equation 9 in Section 3, with the antenna gain assumed to be 13 db, 10 db,
and 7 db for elevation angles of 5°, 230, and 90°, respectively, based upon
the beam crossover points indicated in Figure 33. B in cycles per second
is defined as the loop noise bandwidth and equals w, in radians per second.

- In order to avoid threshold effects during both the tracking and acquisition

modes, the system is designed so that:

-1 " ! 1o
; FN')

_ \
N B [P L))
C

Y

2

for all points in the AROD operating envelope. 1 Therefore, the minimum

value of S/ No determines the largest acceptable B or wy and:

(W) =1 ‘S/No)min (radians) (19)
4. The tracking error was calculated fmm12:
2 A (1) a
. __A eff
sin "be _wnz + K . (20)

where A represents the rate of change of Doppler frequency and Ae )
represents the Doppler frequency offset from the biased center frequency

of the VCO. The discriminator in Figure 25 reduces 4 . to:

for all loops during tracking.

5. It is important to check the acquisition properties of the loops.
The use of the external sweep circuit to obtain an initial estimate of the
carrier Doppler frequency and bias discrimination on both the carrier and
fine range tone loops greatly assist the carrier loop acquisition. The
frequency pull-in range () within which a loop can acquire a signal of
constant {requency is:

ﬂsan\/%wn'r'*'l (22)
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Since Q is greater than _Aeﬁ the loop is capable of acquiring the signal. The
assumption of constant frequency during acquisition is reasonable because
the loop aequires very quickly. The acquisition time is

2y

t, = T . (23) |

PI

2§wn

The*aweep ¢ircuit reduces x eﬁmto approximately 100 cps. Subétituting
this value into Equation 23 shows that the total acquisition time for the
carrier loop is essentially equal to the 10 seconds which are required by
the external sweep circuit. For the fine ranging tone loop, A g = A g~ -01A
due to bias compensation.

4. 1.3.4 Frequency Acquisition

An understanding of the acquisition properties of phase locked loops is
bas{c to all of the acquisition schemes which have been considered for the
AROD system. The basie phrameter of interest in the discussion of acqui-
sition properties is the “uncertainty” of the signals to be acquired. For
example, if an estimate of the Doppler shift is obtained, then the phase
locked loop needs to acquire the signal only over the region of uncertainty.
This will be discussed more fully in subsequent paragraphs.

A block diagram for the basic phase locked loop is shown in Figure 24.
The input signal to the loop may be represented as:

Vi) =St expifwt+At+1/24A 2+ b))+ nih) . (24)

Here w_ is the radian frequency of the transmitted signal. In the AROD
system, loops will be considered for carrter frequencies’of 2 Gc and 5 Mc.
The A o term z:eprésenta the two way Doppler shift due to the radial velocity
(at't = 0) and A represents the rate of change of frequency due to the radial
acceleration of the satellite. Higher order derjvatives of A are neglected
since A is reasonably constant during the short time of acquisition. zpo is

a phase shift which contains the information in the range loop. Unfortunately,
much remains to be learned about the effects of noise on the acquisition
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properties of a phase locked loop circuit. However. in the AROD sysfem
the signal-to-noise ratio will never be less than 10. and hence, the effect
of noise on the acquisition will be of second order. In the absence of noise.
the instantaneous phase ( b and radian frequency (ws) of the input signal
are: "

1.2

Yy = (W + A tr ZAL + 3, | (29)
.7 S, |
w8=-§-=wc+Ao&At (26)

The frequency of the output of the voltage controlled oscillator (VCO) is a
constant Wp plus a time varying term which is proportional to the voltage
at the input of the VCO. The low pass filter only passes the difference
{requency term. Hence. from Figure 24: ‘

~ sin y = sin {z;‘é -t - Kﬂsﬁl sin ¢] _ (27)

Here, y is the instantaneous phase of the output of the mixer and K is the
loop gain expressed in units of radians per second per radian; H(s) is the
transfer funetion of the low pass filter.  Differentiation of Equation 27

yields the general equation for the instantaneous phase error in a phase
locked loop:

,
] WLIirnd i
¥ ot Saagsinyg -

'qﬂs -, (28)
During acquisition. § takes on a wide range of values, and hence, it is not
possible to linearize Equation 28. The solution of this equation has been
studied io detail by A. J. Viterbi 12 for several different low pass filters
and both a constant reference signal (A = 0) and a linearly varying input sig-
nal frequency.

In the AROD system the mmple RC low pass filter shown in Figure 27
is sufficient. The transfer function of this filter is:

T B 1/7’

H(S) = l+ST - | ( 71, (29)

The DC gain of this filter is unity and the three db points can be shown to be:
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5 -1/2

2 27 . (30)

w=+ [T
Substitution of Equations 26 and 29 into Equation 28 yields:
v2 A

)y . 2 v
.d_.i— +(2fw_cosiy +-l!ﬂ; +w T sing = A+
dt n T n

. (31

|o™.

-+

~ 3> .

t

-

withwfg %-, and 2t w = K-:’;', . The quantity 'wn is lzusmwn as the natural
frequency of the loop and ¢ is the damping coefiicient. Since this is a
second order difierential equation, the loop is known as a second order
loop. In general, this non-linear equation cannot be solved in closed form.
Valuable information about the acquisition properties of the loop can

be obtained by substituting y =%€-and x = § into Equation 31 . This yields:

A .
4 At 2
. A + _-._0_- 4+ — sin x
dy _dy/dt 1 T " Wy
ldx = lr‘dx/dt = (-2Llw, cosx + ) + y , (32)

A graph of y = jvs. x =y is known as the phase portrait in the phase
plane method. From this graph, it is possible to determine the behavior ovf.
¥ :;ndzp with time. It should be noted that Equation 32 s periodic in x with
a period of 27. Hence, it is necessary to plot the phase plane trajectories
only in the region from - 7 to 7. This procedure is quite tedious to perform
by hand computation. but can readily he simnlated on an analog computer.

Fortunately. the equilibrium points of the loop can be obtained without
actually solving Equation 32 . For example, in phase plane analysis it is
well known that the system can achieve equilibrium only at points for which

% is indeterminate ..24 Hence, the points of equilibrium are:

q—T 3 ‘
y =0, X =sin 1 wz +2N7n @3)

y=0,x= sin”? 2 + @N+ 1) (34)

where N is an integer. :
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Casel A=0
If the phase locked loop is attempting to acquire a signal with a constant

#

input {frequency, then Equauons 33 and 34 imply that the stable pomt of
the system is described by:
A
o
2

7 i S , ,

ginx = (35)

Hence, the system cannot be stable and cannot achieve lock or étay in
lock if '

A > a.i oo (36)

Unfortunately it cannot be assumed that the system will lock on if Equation
36 is not satisfied. .
In addition to the requirement that Equation 36 does not hold, one of
the following criteria must be met: 12 '
1. A secomd m'der phase locked leop will always lock into a constam
freqyenocy signal as Iong as- fhe frequency of the signal bemg acquired lies
between the center frequency of the VCO and the initial frequency of the
VCO.

2. If the signal frequency does not satisfy condition 1, lock will still

e .
<Q=2w i‘% T'w, ¥ 1 (rad/sec). . 38D

A v

eff

-~

'Here; @ is the pull-in range or the amount by which the signal frequency
can differ from the VCO center or biased frequency. In the AROD system,
Equaﬁon 37is éatisfied with a great deal to spare because of the use of
acquisition aiding on the carrier and bias compensation on the other tones.
For the loop shown in Table 8, the pull-in range is approximately 6000
radians/second, while the acquigition aiding reduces the uncertainty on the
input signal to 100 cps or 200 7 radians/second.
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Casge I Linearly Varying Reference Frequency

The ability of a phase locked loop to acquire a ramp in frequency can
be determined by two simple considerations. First, we note from Equations
33 and 34 that singular points will exist if and only if:

~ A +At . ’
. : A

‘ L]
If this inequality is not satisfied the loop will not be able to acquire the

signal and, in addition, a loop which is initially in lock will not remain in
lock. For the parameters shown in Tables 8, 9 and 10:

Agggt)

Tt

——— <5 (39)

w
n .

A+

Since this ineq:@ity is satisfied, we may estimate the pull-in range as:
§ Loy 1 |
Qe T rad/sec { = 3 (40)

The effective Doppler offset is less than the pull-in range for all cases -
(when the acquisition aiding is considered). :

Acquisition Puli-In Time

«

A formula for estimating acquisition time which has been derived by
Viterbi'? ig: -
< . ~2
Aett

t =
3
2 Lwn

Pl

41)

In the folloﬁing..section, it will be shown that for a givgn wn the effects of
noise are minimized by choosing { = 1/2. In this case, Equation 41 becomes:

PI ™ ‘esg | | (42)
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This formula can be derived under the assumption that the filter (H(s))
which is used in the phased locked loop has a long time constant or equiva-
lenily a narrow low pass bandwidth. In addition. it is assumed that the
frequency of the input signal does notchangeby a large amount during the
pull-in time. "

It is obvious from Equation 42 that the pull-in time is minimized by
' simultaneously maximizing the natural frequency of the loop (@) and mini-

~ A

mizing A .. The maximum value of «_ is determined from the signal-to-
eff n ~ ®

neise ratic and is given inm Equaiion 19. The value of ﬁeff is determined

he acquisition

Y

iding system.

=
<
[

4.1 2.5 Tracking

After the carricr and 1anging tones have been acquired in frequency.
it is necessary to "lock on" and track in phase. Fortunately, the non-linear
equation which describes the phase lock loop during acquisition can be
-linearized when the loop is phase-locked since the phase of the error signal |,
. out of the mixer is small and hence, sin ¢ ¥ ¥ and cos ¢ ~ 1. It follows
that Equation 31 reduccs to:
a2
d7g 1. d¢ 2

—— o (P ) e+ W o= A?-——-} £
dtz ( Cwn T) ﬂ[ n & .rv T! 3

AN
auy

This is a linear differential equation and hence, in the tracking mode the
P,‘xase locked loop may be analyzed by standard linear techniques. The
ii’lnear circuit which is shown in block diagreim form in Figure 28 represents
a phase transfer model for a linearized phase locked loop.

We are interested in the ability of a loop to track the phase of an input

-« signal which has been distorted by noise. The phase error, zpe. is defined
as: ’
- Yosc
Yo T g T ¥pge T ¥s . ) (34)
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. However, the loop operates on the noisy input signal which has a phase that
differs from the phase of the pure signal. Hence, it is convenient to de-
scribe the loop in terms of the closed loop transfer function:

o b5
| _ _osc
‘ HL(S)

¢, (8)

n

(45)

. In order to develop a relationship which describes the phase error of

the loop in terms of the elosed loop transfer function the input and signal

Anea e -~

phases must be related. This may bec done by cousidering narrow-band

o
A
3

signal and additive noise so that:
"in cos ¢m(t; = Vs oS (wot + ¢s) + Vn CcOo8 (wot Tt qbn). (46)
Vin cos win(t) — represents the input to the loop;

Vs co8 (wot + ¢s) — represents the signal;

Vn cos (wot * q)s + ¢n) represents the noise.

' ‘ Egquation 46 may be rewritten in the form:
, v
V., cos ¢ () =V {cos (wt+ o)+ ;\-:; cos {w t+ & * & N
or v - 47)
;}} Vi €08 ¥ ) =V {1+ Vﬁ cos ¢ ) cos (.t + ¢)
2l v. :
- '\?; sin ¢, sin (W t + ¢s)} .

For large signal-to-noise ratios Vn/VS << 1, use of the approximations:

<

8 8 S

1V \'
cos [‘-’2 8in <1>n] = 1 and sin E’-ﬂ sin cp!J :i’_n sin ¢>n 48)
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yiélds:

Vin cos ¢:m(t) = Vs {cos [wot + ¢8 +-§§ sin ¢n]

Vv Vv
+ Vlj cos ¢ cos [(wt+e +v—: sin ¢ ) 49)

Vo
-y sin ¢n1}

Expanding the Becond term of Equation 49 and dlscarding all terms of
higher than first order in v, /v o) yields:

v vV -
’ n
Vin €08 ) =V_ 1+ A cos ¢)cos [wt+ g + '\T:' sin ¢ 1  (50)
Ed \vn
Hence, Vm = .Y‘ {1 +V: cos ¢n) . (51)
. ‘ : v, , ,
and ' apm b wot + ¢° +-‘-’—s— sin '% | (52)

The fluctuations in V are eliminated by the use of a limiter prior to the
mixer in the phase locked loop. The instantaneous phase can be written
as Uie sum of & phase diue (o the inpui signal Ws’ and 2 phase shiit due to

noise (zpn). In other words:

-

hn = ¥t ¥y ' | (53)
v

where: ¥ 3wt + ¢,and § = v—‘l sin ¢ . (64)
i ' 8

Since:V u/Vs << 1, it follows that

L«land Yin
¥s ¥g

a1 (55)

From Equations 44, 45, and 52 to 55, it follows that:

b= M-H @) y,+ B@y, 6)
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We note that one component of the phase error is due to noise (HL ¢n) and
another component, which exists even in the absence of noise, is a tracking

error.

The steady state tracking error of the loop | we)s 5_) when it is attempting to

follow an excitation in phase can be obtained by use of the final value
theorem: '
;) =limsgy,
88 80
: _ 67)
() =lms{l-H ()4

58 8-+0

The phase variation due to noise is naturally a random variable.
From Equatioh 54 it follows that for white noise of zero mean

. value:
E{¢ }=-0 R ©8)
and V2
ai=E {¥ 3} = —‘—;2'1- sin? ¢ (59)
. -]

Here, 9 is the standard deviation of the phasé due to noise. (onis in units
of radians.) For white Gaussian noise Vn and ¢ 0 are independent of each

VZ

n

other. Hence:

2 _ (& 2 . _IN_1NoB .
o, =E vﬁ E{ sin” ¢} =353 5~ (60)
Here. B is the effectivé noise bandwidth of the phase locked loop. Since
the loop, is a linear system in the tracking mode, it follows that: 25
2
y |8 G | do
bl ]
B= (61)

w2
max
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The loop noise bandwidth has been related to the natural frequency of

the loop by Devele:t.5 He has shown that for a loop with a large gain K
that

2
B=u -1-%——] (62)

- where B is In cycles per second and @y is in radians per second. It follows

immediately that for a given W the minimum value of B occurs when,
{ =1/2. In the remainder of this report, it will he assumed that {

“AIATA WAt L - 1/2:
so that B in cycles per second will be equali to w, in radians per second.
. Hence,

on = 25 . (63)

The steady state error for a.phased locked loop in a tracking mode is

calculated from Equation 1. The closed loop transfer is obtainable from
Figure 28 and is:

. KH(s)
' ‘ . H® =3 + KH(s) (64)
I the instantaneous fr equency is a ramp as is shown in Figure 29, then:
%%Sf(t) A tA {tutt) - ¢ -Thu &t - TY

where u(t) is a unit step function.
Hence,

A .

e =2 +2 - | (66)
8

where, ¥(8) is the Laplace Transform of the instantaneous phase. The

steady state error becomes:

A )
- 8 4] A -8T,
“".e’" = lim i ®) { s 2 (-e 9 (67)

-0
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Figure 29. Frequency Ramp
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- For the ftlter used in the AROD system Equation 29, hm H(s) = 1. By

expandmg e ®ina Taylor series and performing the lizmtmg process
Equation 67 becomes:

T -4 (A +A T = _1:..‘. = }_L . ~ (68)
é) K (4] ! K t 2 '
- ’ BS ' P Twn

This result is valid ulong as the éteady state_é';'ro: does not exceed about |

.5 radians. I the steady state error exceeds this value the non-linear
model for a phase locked leop must be ¢ ".sider since the linear anaiysis
is no langer valid.

4.1.4 Range Rate Measurement

1In this section, we will discuss simple methods for measuring the
Doppler fnequenév d d) to the .1 cps (rms) accuméy established as an
objective in Bection 2.5. This is equxvalent to a range rate quantizstion
error of: " :

-af 8
.. d_3x10 d ) _ p
Ar = 2T, 2 55 108/ - 0075 meters/sec.

It will also be assumed that counters operating at a rate in excess of 10 Mc
are to be avoided in the spacecraft, i possible.

The two-way Doppler frequency tone can be obtained in the satellite
by mixing the received signal with the transmitted signal. However, if
this were done inthe satellite, it would be necessary to distinguish between
positive and negatiée Doppler frequencies. This difficulty may be avoided
by biasing the Doppler frequency by aa amount f, so that f, +{ is always
greater than zero. This biased Dopplet frequency is generated by mixing
the received signal with a signal which has a frequency equal to the trans-
mitted frequency minus f,- For couvenience, f, is chosen as 156.25 ke
because this is the frequency of thenearest ambiguity resolving tone and
bence, this bias is easy to generate. This frequency will be known to 1
part in 109 (Section 4.1.1.1) so that we will be able to neglect errors in

the bias frequency in the formulation in the next paragraph.

_k
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The biased Doppler frequency is measured by calculating:
£+ )= (69)
AR

where ¢ is the phase change of the biased Doppler signal in the measure-
ment time T. Then, if 0= -0, * Agpand T = T + AT where R andT

are ?.he actuai phase cixange and measurement ume respectxvely and As;b and
AT are the ervors in phase and time, we can obtain the Doppler f reqxzency

error Af d from Equatmn €9,

| 9t ¢, 1+2%
g h, vady = T, 78T T AT %)
o 1+
T
8]
5y
and: {4 f, = == (71)

Y

where A{b s neglected for the reason gwen in the previous paragraph
If the relative errors Ao/ 4, and AT/ T are small compared to one (as

is certainly the case), we obtain:

- Ag AT
Afd-~(fd+fb) L‘f*’o - T Ji {72)

This implies that {or iixed reiative errors the Doppler frequency error is

largest when { d takes on its maximum value of 100 kc. Since the error in

f d should not exceed .1 ¢ps the requirement placed on the measuring cir-
cuit is
122 - M < fAfi’f cax? @3y
o o d b

Accuracy of this order of magnitude can be achieved only through the
use of digital techniques. One method which can satisfy this requirement
is thefollowing:

1. A high accuracy clock is used to initiate the measurement. This
clock is capable of a standard deviation which does not exceed 6 nanoseconds

in the .1 seconds used to obtain a Doppler measurement Section 2.5).
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2. A digital counter is used to determine the time, t_, to the first

1‘}
positive going zero croesing. The error in measuring t is determined
essentially by the frequency (fc) of the courter which determines the

quantization interval of the digital circuait. The standard deviation of t1

due to quantization is:

6, = 1 7 seconds. ' {74)

1 fe
A reasonable counter frequency might be fc = 10 Me.
3. Ancther counter is used to determine the number (NO) of complete
cycles during the .1 second measurement time {Section 2.5}.
4. A third counter is reset to zero at each positive going zero cross-
ing. This counter is stopped at the end of the .1 second measurement time

and contains a measure of the time (t,) since the last zero crossing. The

standard deviation of t 9 is given by Equation 74, ‘
" From this procedure it is evident that the measured Doppler frequency
is: ,
% No
f, = — - (75)
4T T -t -1, b
In this method:
T = 1 - ‘ R
a o .- tl v.z (Ib)

{

The errors in measuring the .1 second interval and ”1 and tz can be
considered as uncorrelated. Hence, we obtain the standard deviation of

T, by summing errors in an rms fashion to obtain:

o, = AT=/6 x 10792 + £ 1072 = 4x107% seconds (17)
[¢] : .

Since phase is not measured in this scheme, A¢ = 0. (78)
We conclude from substitution of Equations 77 and 78 into Equation 73 that
the Doppler method described in this section satisfies the AROD require-

ments.
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4.1.5 Range Measurement Circuit

To estimste equipment penalties and the concomitant accuracies, the
range measurement circuit that has been assumed in the AROD Feasibility
Study is similar to units used elsewhere.4 In the system under considera-
tion a clock is started when all of the ranging tones of the transmitted
signal éimultaneously cross zero in the same direction. In essence, the
clock is stopped when the tones of the recetved siénal simultaneously

" cross zero. The time measured by the clock is naturally an analogue of

range. However, for the one meter range quantization cbjective established
in Section 2.5, it is n;ecessary to measure the phase of the 5 Mc fine ranging
tone to 12°. This requirer; a clock which is capable of operating at a fre- ~
quency of 150 Mc¢. This requirement may be eliminated by the reasonably
simple heterodyne scheme v;fhich is shown in Figure 30. The received
5 Mc fine réxging tone is tracked by a phase locked loop and the clean
output from the VCO is mixed down to a frequency of 15 kc; the reference
5 Mc tone is also mixed down to 15 kc. The outputs of the mixers retain
the phase information on the 5 Mc tone as long as the mixers are well
matched to avoid 'differemial phase shifts. The mixing process makes it
possible to reduce the counting speed by the ratio of 5 megacycles to 15 ke
so that a one megacycle counter will be sufficient.

The mixers wiil be weil maiched i the diodes used in the mixers are
also well matched. This can be accomplished by adding the predision
resistors ry and r, to the diodes as is shown in Figure 81. The effective

forward and back resistances R¢and BJbbecome: .

R Bl Ul (79)
1 Bprrytr, -

: ’ * r.)r

. Byrrr, 30)

T TR, T,

where, R{ and Rb are the forward and back resistances of the diode by
itself. Now, if the precision resistors are chosen so that:
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) sin(2rx15x1031+os+dh) ,
, —
sin (27 x 5 x 108+ +d) \
i '

- cos (27 x 4.985 x 10° +op)

TO DIGITAL PHASE
MEASURING CIRCUITS

—

5 Mc
REF : —>
sin 27 x 15 x'10° ¢ +¢R)
' . ' 5;’ | Figure 30, Fine Ranging Tone.Doun Converier
L 4 o
i’\}
D AL ——
— —
; Ry
. . ) Figzire 31. Diode Matcher
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Rb >> T, >> ry » Bf . ‘ (81)

the effeptive resistances become:

R; =r, ) (82)
Ry =1y 83)

4.1.5.1 Tracking the Ambiguity Resolving Range Tones

[ JUP S T 7 P R SIS S - PR WY
Tracking filters can be furnished for the ambiguit

£

¥y resolving range
tones which are generated as side tones in the AROD spectrum. These
tones are synthesized as sub-harmonics of the 5.0 Mc fine range tone, the
highest of which is transmitted as a carriér displaced 1.25 Mc below the
2005 Mc carrier. All successively coarser ambiguity resolving tones are
introduced into the spectrum as phase mogdulation of the carrier at 2003.75 Mc.
The suggested method for tracking the range ambiguity resolving tones is

shown in block diagram form in Figure 15. The output of the VCO (voltage
controlled oscillator) is divided down in frequency by the appropriate amount
to yield a signal at each ambiguity resolving tone frequency. Since the out-
put of the VCO has a large signal-to-noise ratio (Section 4.1.3.3, Table 10)
and contains the Doppler shift, the output of the frequency divider is, a clean
signal with the appropriately scaled down Doppler shift. The other input
to the tracking loop is the demodulated ambiguity resolving tone which we
wigh to track. The 1.25 Mc signal is obtained by mixing the 2005 Mc and
2003.75 Mc components; the other ambiguity resolving tones are obtained
by phase detection of the modulated 1.25 Mc signal with a reference 1.25 Mc
signal ‘am'infﬂtering the restxlt through a wide bandpass filter to minimize
phase distortion. - o

- The operation of the tracking loop can be understood most easily by
considefing the phase transfer model shown in Figure 32. The electronically
controlled phase shift network adjusts the phase of the frequency divided
output from the fine range tone VOO to the phase of the appropriate ambiguity
resolving tone. The phase detector output is proportional to the sine of the
phase difference between its two inputs and is fed back to the phase shift
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Figure 32. Phqse Transfer Model
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network through a low pass filter_ It is interesting to note that once the

input is acquired, the signal fed back to the electronically controlied

phase shift network is constant because the phase difference between the

two inputs remains constant. Hence, after acquisition, an extremely

narrow band low pass filter is desired, This makes it possible to obtain

the same S/No at the output of the range ambiguity resolving tone tracking
loops as at the output of the voltage controlled oscillator in the fine range

tone phase locked loop. This circuit should be analyzed in more deiail during
the next phase of the AROD program. ‘
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'4.1.6. Weight and Power Estimates

"4.1.6.1 Transmitter

In reviewing the spacecraft electronic equipment reqmrements for the
AROD system, it is seen that be transmitter will consume the most power,
contribnte most to the package weight, and be the largest in eize of any
single unit that makes up the spacecraft AROD package. (See Table 11.)

In order to make an estimate of the transmitter size and weight. envi-
ronmental and opefational requirements have been studied and state-of-the
art capabilities for solid state harmonic generators and associated tran-
sistorized driving circuitry have been projected to bring them in line with

the AROD time frame. The estimates to be given for the transmitter in-

clude harmonic generator circuitry and microwave power summing and

diplexing components, and driving circuitry other than the frequency syn-
thesizer. ,

For a design such as has been shown in Figure 20, the transmitter effi-
ciency is estimated at 15 percent. For a total of 12.5 waits of r-f power
into the vehicle antenna, the input power fvould be 83 watts. To provide for

- -heat dissipation under these operating conditions, sufficient mass must be
included in the unit housing to permit adequate heat sinking.

It is estimated that a single 2.5 watt channel of a design such as shown
in Figure 20 would occupy 65 cubic inches of space and would weigh approx-
imately two pounds. For five channels arranged as shown to produce 12.5

watts of microwave energy, the unit size would be approximately 350 cubic

‘inches and the weight would be about 12 pounds, including power summing
.components. ;

In addition to the transmitter; VHF, UHF, and microwave circuitry;
the modulation circuitry; and the receiver microwave pre-selector could also

be included in a unit of this estimated size and weight.
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TABLE 1}

Spacecraft AR(i) Equipment Estimates

POWER SIZE WEIGHT
{watts) (cubic inch) | (pounds)
Tronsmitter 830 350 12.0 |
Receiver RF Section 03 20 08
|.F.and Phase~lock Loop (4 units) 8O 240 7.0
Frequency Synthesizer é.O 100 25
Power Regulator ¢ b 8.0 (loss) 25 30
Range Rate Mec#uremem Qﬁ:uits 27 25 | 0.6
Range Meosurement Circuits 3.2 10 03
| Power Supolies for Range and Range Rate| 3.0 (loss) 20 1.0
Totals 1142 watts 790 cubic} 27.2 pounds
inches
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4.1.6.2 Receiver

The AROD receiving equipment to be carried aboard the spacecraft
will include a microwave r-f section, a wide band i-f amplifier and four
units such as the one shown in the block*diagram, Figure 23. From a study
of off-the-shelf tunnel diode microwave equipment, it is estimated that the
microwave and wideband i-f amplifier section of the receiver can be con-
tained in a single unit of less than 20.cizbic inches having a weight of approx-
imately 0.8 pound. Power for this assembly wouid be about 0.3 watts. The
size and weight estimate is made assuming that the receiver pre-selectior
or interdigital bandpass filter will be included in the microwave assembly
of the transmitter unit.

Each of the bandpass amplifiers and phase locked loop units of the re-
~ ceiver would requireabout 60 cubic inches. For a unit containing four single
‘locp circuits as shown in éhe block diagram, the power per unit is estimated
to be 2 watts. ’

The total receiver power estimate is then 8.3 watts and size is esti-
mated at 260 cubic inches. Weight would be approximately 7.8 pounds. ’

4.1.6.3 Frequency Synthesizer

The frequency sy;rthesizer for the spaceborne AROD system will con-
tain circuitry for generating highly stabilized signals ranging from low
frequency audio through VHF. Each of these signals will be synthesized
from the temperature controlled 5 megacycle crystal oscillator contained
in the unit. ] )

The power level of each output signal will be iow, since a significant
amount of driving power is required only at the input of the transmitter
varactor 'harmonic generator chain and this energy is generated in the tran-
sistor amplifier section of the transmitter unit.

The most significant power requirement for the frequency synthesizer
is that for temperature stabilization. Manufacturer's estimates are that
this would be from 2 to 4 watts after warm-up. Total operational power
requirements for the unit is estimated at 6 watts and the unit size and weight

would be approximately 100 cubic inches and 2.5 pounds.
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4.1.6.4 Power Conversion and Regulation

Considering the frequency and phase stability requirements of the
AROD system, it can be assumed that any primary spacecraft power avail-
able for operating the ARODI equipment will require some degrée of regu-
lation. For regulation of the transmitter power, a DC/DC converter will
most likely be required. In this case, an efficiency of approximately 85 to
90 percent will result from the conversion and regulation process. Con- |
sidering the estimated transmitter input power of 83 watts, the power sup-
ply size and weig);"t is estimated to be 25 cubic inches, and 2 pounds, agsum- 4
ing proper mounting for heat sinking to some member of the vehicle.

A small amount of power could also be supplied to other AROD units
where required. Most of the lower power requirements could be satisfied
- directly by solid state diode regulators.

4.1.6.5 Range and Range Rate Measuring Circuits.

The circuits necessary to measure range and range rate in the space |
vehicle are discussed in Sections 4.1.4 and 4.1.5. The analog sections in
both arrangements consist baé[ically of a mixer followed by a low pass fil-
ter. The power necessary to drive this portion will be supplied from out-
side circuits and therefore, will be neglected at this point. The remaining
circuits are digital in nature and consist basically of transistor flip-flops
or diode logic. All counter stages operating at or below 500 kc can be built
using IBM-COMPASS circuit techniques which need about 30 mw per flip-
flop and associated gating circuits, and have a packing density of about 20
flip-flops per cubic inch. The high frequency counter stages will be built
usipg conventional low voltage transistor circuits which will need more space
but not more power. Since every measuring circuit will be needed, four
times the final estimates will be obtained by multiplying the individual re-
quirements by four.
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4.1.7 Equipment Interfaces

Although it was not a primary goal of the feasibility study, an analysis
of the equipment interfaces for the AROD system was necessary to uncover
any potential problem areas and to provide guidelines for future phases of
the AROD program. Three interfaces were considered to be of sufficient
importance to deserve some analysis in the feasibility study: the interface
with the vehicle computer, the interface wiﬂx the telemetry system, and the ~
interface with the command link.

4.1.7.1 Computer Interface*

.The analysis of the interface between the AROD equipment and the ve-
hicle computer emphasized the definition of the tasks which the computer
may have to perform. \,Ip addition, the most recent estimate of the compu-
tational capability avaﬂ’able for AROD was obtained and is included' in this
discussion.

The first and primary AROD task to be performed in the vehicle com-
puter is thg conversion of the range and range rate information obtained
from the AROD ground stations to the parameters of interest to the vehicle's
guidance system. In the Feasibility Study, it was assumed that these param-
cters were the spacecraft's position and velocity; however, it may be desirable
to compute instead the orbital parameters for the vehicle or the vehicle's
position at some future time. To convert the AROD data, it will probably be
desirable to make the transformations from time to meters and from cycles
(plus time) to meters per second in the vehicle computer. For the fange
transformation, it will be necessary to interpolate readings to determine the
vehicle's "average position” during the propagation time. For the range rate
transformation, the velocity of the ground station due to the Earth's rotation
must be considered, and the exact formula fd (c-1) = thi' must be used

* By request of NASA's Contracting Officer's Representative, this interface
wag de-emphasized because of the likelihood that the early AROD test flights
would be on vehicles on which the computer would not be used for AROD
computations.
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(Section 2.2.3.2). The computer may also be called upon to update its
stored value of transmitted frequency, on ground command, to improve
the accuracy of the AROD measurements. Additional conversion functions
which may have to be performed are the conversion from the initial param-
eters to a coordinate system which is moving with the vehicle and the.ex-
‘ trapolation of the initial locations of the ground stations to their locations
at the present time, in the reference coordinate system of interest. i

The second task which the computer may likely be called upon to per-
form is the computatiriﬂ:x of propagation corrections to the measuré- range
and range rate from each station based upon a standard atmosphere {see
Appendix B). This standard correction will be stored in the vehicle com~
puter, either as a table or as a set of equations, in both cases with the
correction¥arying with the vehicle's aititude and elevation angle (or, alter-
natively, altitude and range). The computer requirements foé this table or
set of equations cannot be specifically defined at this time because of the
lack of knowledge of the required accuracy and the range of altitudes that
must be stored. However, it appears that a negligible "quantization" error
would be introduced if the "brute-farce" approach of storing a table of 100
to 300 six-bit entries were followed. X formulas are stored instead, the
storage requirement will be markedly reduced, but the computaticnal re-
quirements will be increased.

As mentioned in Section 3.2.1, the computer may be called upon to
select the appropriate ground stations for use in the AROD measurements.

Another function which the computer might perform is the precompu-
tation of the anticipated Doppler from a particular ground station. This
information could be put to several uses. It could possibly be used for aid-
ing initi';tl signal acquisition in the spacecraft by biasing the voltage con-
trolled oscillator in the range rate phase-locked loop (for this ground sta-
tion) to the anticipated frequeﬁcy. It might also be used to aid the ground
station in acquiring the spacecraft's transmissions by an encoded command
to inform the ground station of the approximate Doppler that it will be en-

countering. An additional use for this information might be the computation
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of the velocity-‘and acceleration-induced phase tracking error encountered
in the 5 Me. trackmg loop, and the compensation for, and removal of, this
error.

Another task which the vehicle computer might usefully perform is the
resolation of range ambiguities. In the system deéign discussed earlier, a
sufficient number of ambijguity resolving tones is included to completely
resolve all axnb!gumes for a 4000 nautical mile range. The position infor-
mation that may be available in the vehicle compiter could prove very use-

A finsl task to be considered for the vehicle ccmputer is the smoothing
of the data which are gathered from the various ground stations. The advan-
tages of performing this task in the computer depend to a great extent upon
the permissible time for the smoothing and the probability distributions of
the measared data. »

Information concerning the capabilities of the Saturn ASC-15 computer
to perform the AROD tasks was obtained in conversations with personnel
working on the computer. The computer currently planned for the Saturn
C-1 will probably have the following capabilities:

a. 6000 operations per second
500 multiplies per second
Perhaps 50 é"rogrammed divides per second ’

Perhaps 50 square root operations per second

° a6 o

6000(23-bit)words of storage on the magnetic drum
Current estimates for the computer indicate that the guidance operations will
rdequire ag,most a 50% to 75% duty cycle.

Changes to these capabilities and requirements are expected in the near
future. It i also anticipated that an advanced veréion of the ASC-15 com-
puter will be available for the C-1B and later versions of the Saturn vehi-
cles. Among other changes, the new computer will have 16,000 words of
storage.
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4.1.7.2 Telexietrv Interface

In the early AROD f{light tests, it will be necessary to telemeter the
range and range rate measurements to the ground via the Saturn telemetry
syStem. These data will be used for post-flight evaluation of the perform- .
ance of the AROD system. In addition, in the operational AROD systems,
it may also be necessary to telemeter the range and range rate information
at various points in the mission to verify satisfactory operation of the AROD
equipment. For these reasons, a brief analysis of the telemetry interface
was conducted in the AROIY Feasibility Study. ‘ A

In discussions with NASA personnel in the Telemetry Branch of the
Marshall Space Flight Center, a satisfactory picture of the telemetry inter-
face was obtained. From this information, it can be concluded that there
appear to be no major problems involved in interfacing with the telemetry
system.

Saturn data are currently organized into data "boxes" of 100-bit capac-
ity. In these boxes ten groups (or words) of 10 bits each are temporarily

_Stored and read into a word-formatting device at a rate of 8 milliseconds

per word. The output of the word formatting device is 60 words per frame.

At 4000 miles, a one meter range quantization (Section 4.1.5) requires
23 bits; at the maximum Doppler point, a range rate quantization of .026 meters
per second {Section 4.1.4) requires 19 bits. If the AROD data consist of four
range and range rate readings and four station identifications (at six bits per
identification), the total requirement for one reading would be 192 bits. In
addition, a time indication would be required. To satisfy these requirements
two data boxes (giving 200 times 12 or 2400 bps) would be satisfactory. A
buffer capable of holding about 200 bits of AROD data would be sufficient to
interface with the data boxes. This buffer would be suppned by the AROD
equipment desxgn group. ‘ ;

Readout from the buffers is at present non—sym:hronous. However, sync
information could be provided to the AROD buffer to prevent readout while
the AROD information is changing. At present, this situation is "avoided" by
a bit which indicates "bad’' data to the telemetry interpretation equipment on
the ground, if the data in the buffer is being changed during readout.

1
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4.1.7.3 Command Lirk Interface

At any one time, the four selected ground stations have to transmit at
different transiation frequencieé to allow for signal separation and identifi-
catig?n at the spaceborne receiver. Station selection and control will require
a command link from the space vehicle to the ground stations. Via this link,

the space vehicle yin be able to select the optimum four ground stations for . -

the range and range rate measurements. Possible bit requirements are in~
dicated below.

Function Bits per Selection
Select station 6
Select frequency
On-off ,
Doppler information 10
Error-detection-correction 5
Total per 1 selection o .. 24 bits

For early flight tests of short duration, these commands could be pre-
programmed in the vehicle on the basis of the anticipated flight plan by means
of a clock which is initiated at launch and which feeds a simple pre-programmed
logic unit. In future flights of long duration, a completely pre-programmed
command procedure may be unsatisfactory unless provision is made for up-
dating the pr&ram periodically, For these flights, it is iikely that the com-
puter will be operating on the vehicle so that updating may be a minor prob~-
lem. If the computer is on board for prolonged flights, it is quite possible
that the best solution to the command problem would be a stored table as part ’
of the computer memory. This table could be arranged according to discrete
volumes of vehicle position, each having a unique combination of four ground
stations associated with it. This method is, of course, predicated on the as-
sumption that the vehicle position will be known to the guidance system at all
times. In any event, the accixracy to which the vehicle position need be known
for the pufpose of selecting the ground stations to be activated at any time is
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rather nominal. This can be verified by examining the overall system per-
formance curves, Figures 4 and 5, where it is seen that overall system ac-
curacy :'aries gradually as distance to a station changes during a single
pass. For this reason, it is unlikely that the station selection provision in
the vehicle will introduce an important penalty factor.

One further application of the command link may be to aid the ground-
based receiver. If the spacecraft knows its approximate velocity to a par-
ticular ground station, it can make an estimate of the Doppler shift on the
signai. Al 2 Gc a maximum Doppier shiit of + 50 kc wiil be encMred;
reducing this uncertainty;.from 100 cps would require an additional 10 bits
in the command word.

The choice of a digital command code makes it very convenient to
change codes for security reasons.since additional bits could, for instance,
be used to specify for the ground station, the coding to be used in the sub-
sequent transmissions. It is also possible to use some bits for simple

error detection or error correction procedures at the ground.
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4.2 QGround Station Equipment .
4.2.1 Antenna

In order to meet the AROD system performance objectives with the
vehicle output power limited to 12.5 watts, it is nécessary that the ground
antenna have appreciable gain. Because of the ground station coverage
requirements, however, it is necessary that the ground antenna have vir -
tually hemispherical goverage. The severe reliability demands of unattended
cperation indicate that the most advantageous approach would employ a multi-
beam antenna with stationary beams. Utilization of an independent receiver
for each antenna beam and a single transmitter which is switched to the
active antenna beam by the receivers is recommended, based on the con-
siderations discussed in Section 3 .4.

From the analysis in Section 3.3, it is known that omni-azimuth coverage
is required and that at least 13 db antenna gain is needed at an elevation angle
of 5°, and 7 db at thé zenith. In addition, it is essential -from multipath con-
sideratfons to achieve maximum sidelobe suppréssion at low elevation angles,
in particular below 5°. : :

In arriving at a suitable ground antenna, several systems were considered,
including Luneberg lenses and planar arrays with multiple beam forming net-
works. The approach selected for the representative system consists of 13
independent antennas (arrays) giving the fixed beam lobes shown in Figure 33.
The Towest antenna beam is centered around a 5° elevation angle and gives
omni-directional coverage in the azimuth plane. Actually, this antenna beam
is formed from two independent antennas each covering two diametrically
opposite quadrants in azimuth. Five similar annular antenna beams and one
solid-angle beam cover the higher elevation angles up to the zenith. The gain
decreases from 15 db at 5° elevation angle to 10 db at the zenith, and similarly
the elevation beamwidth increases from 5° at 5% elevation to 70° around the
zenith. The beams overlap at their 1.5 db points and hence, give essentially
continuous coverage over the portion of the hemisphere above 5°. The beam-
width of the various beams is given by 2/G = cos 91 - cos 92. where 91 and 02
are angles measured from array normal and define the beam limits (92 > 01).

and G is the desired gain. This relationship follows from:

g

-

155




Symmetricol

' . I
TOOUT LeniTn

10 db

15db
50

)
Fig\e 33.  Ground Antenna Beam Patfern’

156




G = — {84)

8, .
Q = 21:5. sin ¢ do | (85)
| 6, |

where {2 is the beam solid angle. _

Each of the anmular antenna beams is formed from a set of four ver-
tical linear arrays spaced 7/2 apart around a vertical cylindrical surface.
Diametrically opposité pairs of the four arrays are connected to a com-
mon feed point from which they are fed in phase to give two-quadrant
azimuth coverage. In the vertical plane, the array elements are phased to
give the desired elevation angle, or angle off-broadside of the array.

A fortunate natural property of a linear array is that it produces a fan
beam fouowing a conical surface when phased to produce an off-broadside
beam. The conical surfacé lies at a constant angle from the array normal,
the angle being equal to the desired elevation angle in this case.

The vertical arrays covering the lower elevation angles would require
about 20 uniformly illuminated elements at 1/2 wavelength séacing to pro-
duce the 5° beamwidth. Such an array would produce its first sidelobe
maximum in the direction 2.5° below the local horizon, and this lobe would
have gain of & db below the main lobe. If the number of array elements |
is increased, to say 40, then by appropriate phase and amplitude distribu-
tion, the sidelobe level can be reduced to -20 to -30 db below the main lobe,
and the required beamwidth of the main lobe can be maintained.

* At 2000 Mc, a 40 element array would be about 3 meters long. Even
though the lower gain, higher angle beams require less elements, the total
height of all the arrays stacked end to end would be rather large. Conse-
quently, the circumference of the cylindrical surface on which the vertical
arrays are mounted is made sufficiently large to interleave three sets of
vertical arrays within the same height. This arrangement is shown in
cross section in Figure 34, A total of 12 vertical arrays connected to-
gether in pairs are spaced around the cylindrical surface.
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3 sets of antennas in same cylinder height. Each set
consists of 4 linear arays spaced at 7 /2 around the
cylinder. Diometrically opposite arrays are connected
together and to o common receiver.

Figure 34. Cross Section of the Recommended Anlenna
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In order to minimize the coupling betweea arrays, a minimum spac-
ing of a wavciength. & | hetween srrays is maintained. This requires a
cylinder radius of approximately 2A. If the cvlinder radius could have
heen maintained at about A /2, then four vertical arrays could have been
connected to§ether to give complete omni-azimuth coverage. Under the
circumstance of & larger radius. destructive interferences would occur

at various directions between the elements to give pattern nulls, However,

3 1 f n e
Hi

: s . . . .. - - -
with only two diameirically oppusile vlemenis connecied, the radiated

<
'™

beam intensity from one vertical array is essentially zero in the region
where the other is aporeciable.

Since full coverage requires a total of 7 stacked beams. a second tier
of 3 sets of vertical arrayvs will be located around the same cylinder
directly sbove the lower set, and in addition, a single antenna will be
jocated at the top of the cylinder aimed directly toward the zenith,

In the zenith region, annular coverage degenerates into solid angle cover-
age, and the antenna located at the top of the structure will cover the zenithal
* 35° giving a gein of 10db. A schematic representation of the total ground
artenna iayout is shown .in Figure 35.

For obvious reasons. it is necessary that the ground antenna transmit
and receive circular polarization. In the vertital arrays. flat spiral ele-
nients are provesed rather than quadrature-fed crossed dipoles because of
the limited vertical coverage of the dipole element. The pa'ttern of a ver-
tical dipole would have its 3 db point at an elcvation angle of about 35°;
whereas coverage is needed up to an elevation angle of about 60°, at which
point. the vertically pointed antenna takes over. The usual Archimedean
spiral element has a half beamwidth of about 65°.

For the zenith-peinting antenna. a slightly flared circular horn or an
axial mode helical antenna is contemplated. a

Compared to various other antenna schemes for realizing a satisfac-
tory ground station, the joregoing system offers several advantages: First.
compared ¢ a Luncberg lens, it eliminates the dielectric losses in the
lens itself, and in addition, it eliminates the problem of transmitting ele-

sents radiating directly across the lens into receiving elements.
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Second, compared to a planar array with a multiple beam forming netwbrk,
the annular beam approach gives much more efficient low elevation angle cov-
erage with much better side lobe control. It is conceivable that one set of ver-
tical arrays with a multiple beam forming network could be used with the an-
nular approach to produce 12 of the required 13 beams. However, since the
tight coupling that would be required for efficiency is difficnlt to realize simul-
taneously with good sidelobe control, independent arrays afford the more promi-
sing solution, . . -

Third, compared to multiple horn or helix antennas covering conical spatial
sections, the annular beam approach offers much narrower vertical beams at
low elevation angles with the resulting reduction in multipath errors.

One minor disadvantage of the annular antenna for this application is that
its radiation phase center moves; this will introduce an error into the range
measurements. The nature of this error is illustrated in Figures 36 and 37. In
the cross sectional view (azimuthal plane) of the cylindrical antenna, ray #1
coming in normal to one of the vertical arrays travels a distance R from the an-
tenna element to point o at the center of the cylinder, which will be taken as the
antenna feed. On the other hand, ray #2 which enters the vertical array at an
angle to the normal travels a longer path in getting to point 0. The maximum
error occurs at a 45° angle of incidence. From the geometry shown in Figure
36, the error in this case is .29R. For the representative AROD system, where
A =15 cm and R = 2}, this error is 9 cm.

In the vertical plane,the radiation center errors are about the same as for
the azimuthai plane. However, in this plane, due to the vertical separation of
some of the arrays from the others, a fixed path difference also exists. This
fixed difference, which is compensatable, is the distance E shown in Figure 37.
The minimum value of § is about 35°A and the maximum antenna separation is 3
meters for the proposed antenna, making E have a maximum value of 2.5 meters.
On the other hand, the maximuxh value of ¢ is about 7°, and thus, the maximum
uncompensatable difference, F, is about 12 cm.

In both the vertical and azimuthal cases, the uncompensated error amounts
to a longer path for both plus and minus directions around the central direction.
Hence, it could be compensated to + 4.5 cm for the azimuth plane and * 6 cm for
the vertical plane. Due to much larger sources of measurement errors in the

representative system design, an error of this magnitude is not significant.
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Figure 36. Radiation Center Errors in Azimuth Plane
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Figure 37. Radiation Center Errors in Vertical Plane
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For the ground antenina beam network described, a total of 13 receiv-
ers, vne for each independent behm is desirable. All the receivers are
operating simultaneously to give the sysiem full time reception over the
entire operatingeavelope.In addition, each independent antenna beam
fe'ed must be capable of diplex operation when the transmitter is switched
into it. For getting the energy to and from the antennas, rigid coaxial
transmission lines to the principél antenna terminals and stripline corpo-
rate feeds to the array elements,all inside the cylinder,are contemplated.
4.22 Ground fransmitter

In view of the fact that the AROD ground stations will most likely be
controlled bv command from the space vehicle, the requirements for this
type of operation must be considered when selecting the component to be
used for the ground station transmitter output stage. Referrxing to the
AROD Frequency Allocation Table, Table 12, a ground station will be
commanded by the space vehicle to employ one of four possible transiation
frequencies when transmission from that station to the spacecraft is de-
sired. Under these conditions, the microwave frequency spectrum trans-
mitted from the spacecraft is translated in frequency at the ground station
and the resulting spectrum is amplified and transmitted to the spacecraft.
For the channel assignments that have been chosen, the lowest frequency
that need be considered for transmission by the ground station would be
1934.375 Me minus a maximum one-way Doppler of approximately 50 ke.
‘The highest frequency to be considered would be 1945.625 Mc plus 50 kc.
The resulting frequem:y spread is approximately 11.5 Mc.

In selecting the component for the ground atation transmitter output
stage, a bandwidth several times larger than 11.5 Mc frequency spread
must l;e considered in order to prevent the differential phase shift between
the frequencies of the transmitted AROD spectrum from exceeding
approximately - 3 degrees.* A half-power bandwidth of 50 Mc is consid-
ered satisfactory for the output stage and any intermediate driver stages,

if required.

* Three degrees has been allocated to this error source from the 6° objec-
tive established for the ground station in Section 2.5,

-
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Disregarding, for the moment, the noise power density at the output of
the amplifier which will be a function of the signal-to-noise ratio at the out-
put of the ground receiver, the total r-f cutput power requirement of the
amplifier will be 18.75 watts. This energy will be distributed as follows:

Frequency a funmodulated cw) 7.5 watts
C Frequency b {phase modulated) 3.75 watts
Frequency c (unmodulated cw) 7.5 watts -
’ ' 18.75 watts
Assuming that the individual signals which make up the AROD spectrum

have beern properly processed by preceding stages of the ground station
transmitter -receiver so that only the noise power within passband of the
narrow band filters (less than 1 kc) need be considered, 2 maximum r-f
power capability of 25 watts is deemed adequate for the transmitter output
stage. .

The following microwave components have characteristics that may per-

_ mit their use as the microwave power amplifier for the AROD ground

station:

® Traveling Wave Tube Ampﬁfier

¢ Klystron Amplifier

® Planar Triode Amplifier (Recommended Approach)

Regardless of which component is selected, the power supply regulation
requirements will be similar, although the planar triode could offer some
advantages in that the voitage level may be less than that required for the
traveling wave tube or the klystron amplifier. In any case, bulky and per-
haps ingfficient equipment can be tolerated to satisfy the régulation and
reliability requirements since size, weight and efﬁclency are not of major
importance for the ground station.

Once the stability requirement has been satisfied, differential phase
shift throughout the passband of the amplifier must be considered. The
objective for this parameter is the phase deviation for two frequencies
separated by as much as 5 Mc shall not vary by more than + 3 degrees
throughout a 12 Mc bandwidth. If this condition is satisfied, any bias differ-
ential phase shift throughout the amplifier bandwidth between the input sig-
nals and the output signals can’be canceled by compensating networks.
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The specification for maximum permissible differential phase shift
may eliminate the use of the traveling wave tube. 1t has been found that
the phase variations in this tube are quite periodic and analysis shows that
this behavior is due to internal reflections which cause standing waves on
the helix in the tube. The standing waves cause phase variation as a func-
tion of frequency. If these reflections ¢an be eliminated, most of the dif-
ferential phase variation will disappear, but considering that the tube is in
the order of 20,000° long, holding the deviation below + 3 degrees is likely
to be quite difficult. Figure 38 illustrates a typical differential phase
measurement made between two TWT's of the same type. Using this
method, differential phase shift can be accurately measured within about
0.1 degrees.

Multi~cavity klystron amplifiers that can satisfy the output power
requirement of the AROD ground station are available off-the -shelf, but
manufacturers who were contacted were unable to supply data relating to
differential phage stability. However, it has been indicated that with
extremely well regulated power supplies, the phase stability measure-
ments that have been taken for a single frequency indicate that it may be
possible to satisfy the AROD objective for maximum permissible differen-
tial phase shift. The advantage of using the klystron when compared with
a planar triode would be the hiﬁ: gain that could be obtained in a single
stage. With proper tuning of the individual cavities, the gain could be made
approximately equal to that of the TWT, It would be necessary to compro-
mise tuning for maximum gain against minimum differential phase shift
within the 12 Mc ARQD bandwidth in order to produce optimum operaﬂng
conditions, v

Considering the fact that the ground station transmitter bandwidth must
be of the order of 50 Mc, the power gain of a single planar triode amplifier
stage would be less than 10 db. Therefore, several such stages would be
required to bring the final amplifier output level to a value suitable for
AROD use. Even so, a multi-stage planar triode r-f amplifier appears to
be a good choice for the ground station transmitter design, since phase
jitier due to power supply noise and tube noise for a single amplifier stage
has been shdwn to be below .003° rms for a Af of 0.1 Mc 28
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4.2.3 Ground Station Signal Processing

Nonlinear characteristics in any active circuit in the ground trans-
ponder will degrade the incoming signal. It can be assumed that the input
stages of the ground transponder, where the inéoming signals are very small,
will have more linear characteristics over their operating range than the °
later stages. ‘Therefore, in the representative system design, the bandwidth .
will be widett at they mput circuitry apnd will be reéuc’adtizi,’every folla&ingﬁ;-

tively high level output of the transponder transmitter into the receiver
introduces noise components of high spectral density and extremely small
bandwidth,

Basic;ally, the deéign of the ground statim;‘ requires high selectivity of
the individual circuits to reduce any noise contribution. At the same time,
great care must be taken to minimize differential phase distortions between
the individual components of the received spectrum while they are being.
ampliﬁed and translated in frequency. In the representative systeni ﬁesi’én
the high seieétivity is obtained in g}assive devices, while the active circuits
are made wideband. In all circuits, the handwidth is made sufficiently wide
so that the received {requency bands are passed in a region of constant time
delay; in addition, the region of constant time delay is made wide enough

to encompass the maximal Doppler frequency shifts.

4.2.3.1 R-F Receiver Components

The r-f input ¢ircuitry for each beém of the antenna must suppress
the interference from the transponder's transmitter. The transmitter fre-
quenéy band is lower in frequency than the received frequency band; the ‘
minimum separation is 54 Mc. The difference in power between the received
and rétransmitted signals,for operation close to the horizon, can be as
large as 171 db. Therefore, a number of stages are required to suppress
the interfering frequency band sufficiently. V )

The circulator ? the antenna, having a bandwidth of no more than 100

Mc and being tuned to the received frequency band, will provide a 30 db
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reduction in the transmitter feed through. This isolation, which can be
obtained in the non-reciprocal device, can be maintained only when the
voltage reflection coefficient of the antenna input is less than 0,03,

Further reduction of the transmitter interference will be accomplished
ina béndpass filter circuit. Great care must be taken in the design of the
frequency selective circuit that phase distortions of the recexved frequency
band are minimized., In the sidetone ranging system a range error will be
introduced by uncempensated differential phase shifts between spectral '
componenis of gxe signai. A nominal phase difference between the refer -
ence signals can be compensated for in the spacecraft equipment. How-
ever, this phase difference must remain constant under operational condi-
tions; this means that it should not vary when the received frequency band
is translated by the Doppler frequency shift or when the geometry, and with ‘
it the center frequencies of the filtering circuit, changes under severe
environmental conditions. The requirement for constant time delay, %——g-)-,
over the range of possible displacements of received frequency band can be
met only when the signal bandwidth inclyding its displacement in frequency
is small in comparison to the filter bandwidth. ’

In the representative AROD system, three reference signals and side-
bands are received; the bandwidth of this spectrum is 5 Mc and the inter-
fering frequencyband from the transmitter (which has to be rejected in the
filter circuit) is only 54 Mc below the lowest spectrum line of the received
signal. In order to obtain a rejection of at least 80 db of the interfering
signals in ope filter and to make the filter passband much wider than the
received signal bandwidth, a large number of resonant circuits would be
required for this filter., The losses within the passband of the filter would
become high,

If the system specifications for phase error, rejection of the inter-
fering transmitter, and low losses in the r-f input circuitry cannot be
met for the given design parameters, then alternatives are available.
Either the translation frequency, which sepa%ates the transmitter
frequency band from the received frequency band, can be increased
substantially or three separate bandpass filters to pass the three
carrier signals and their modulation sidebands can be used. For this latter
design, it may be necessary to change the modulated carrier frequency
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from 2003.75 Mc to 2011.25 Mc. This issue, along with other design fac-
tors related to the choice of transmitted spectrum, should be investigated
during the subsequent phase ‘of the AROD program.

An example of a three branch multiplex filter, capable of accommodat-
ing a signal spectrum utilizing a 2011,25 Mc carrier, is shown schematically
in Figure 39. The three carrier signalé, including the modulation sﬁegands
for the 2011.25 Mc carrier, are passed fhmugh individual filters andisjuhseo
quently recombined. The three filters are of identicgl design; in the filters
the center frequencies are identical to the frequencies of the signals which
are transmitted from the spacecraft. Thus, the reference signals are placed
at the center of the filter passband where the time delay can be assumed to
be constant. Deviation of the signal frequencies from the transmitter cutput
frequencies because of Doppler shifts or a change of filter geometry will
still maintain signals in a region close to the center frequency of the filter
passbands where the time delay is constant. The phase characteristics of
these filters, which are of identical design, will track each other to a large
degree,

For branching and recombination of the three reference signals,
advantage is taken of the fact that the image impedance of a filter is resis-
tive for its passband frequencies and reactive outside the passband. For
high Q filters whose passbands are smailer than their separation, the filters
can be spaced relative to each in the three-branch junction in such a manner
that each signal passes through its filter while the two other branches rep-
resent very large suscepiances at the junction.

In addition to the circulator and suitable bandpass filter system, band-
rejection filters formed by YIG spheres are used'to suppress the interfer-
ing transmitter another 30 db with very small effects on the phaéé charac-
teristics of the received frequency band. Thus, the overall reduction of the
interfering transmitter in the r-f iz’mt circuitry of the beam forming
antenna which cgn be achieved is approximately 140 db.

Following the isolation circuits, the received signals are applied to a
parametric amplifier. With commercially available parametric amplifiers
operating at S-band, the following chafacteristicé canbe obtained: amplifier
gain, 17 db: bandwidth, 40 Mc; noise figure, less than 3.5 db.
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Figure 39. Three Filter RF Multiplexer
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The interfering transmitter, which will he no more than 30 db above
the minimum signal received in the parametric amplifier, will be outside
the passhand of the amplifier. The presence of the larger interfering
signal, which is outside the passband, will cause only a small change in
the gain of the amplifier. Intermodulation products between the received
signal and the interfering transmitter will fall outside the i-f pa%sband.

4.23.2 Down and Up Conversion

ground transponder, care must b that none of the ire-
quency componenfs of the retransmitted spectrum or of the modulation
spectrum of the up-converter are identical in frequency with the spectrum
lines of the received signal. This is important since a feed-through sig-
nal of the same frequency as one of the received signals will be superim-
posed on it and the phase of the resultant vector will be different from the
phase of the received signal.

In the representative design for the ground transponder, an S- -band
stable oscillator generates a reference voltage; its frequency is f_ e Tbe
local oscillator frequency of the down-converter is the difference between
the frequency of the reference voltage and the frequency of a VHF oscil-

lator fv.'

1o =% - % (86)

The VHF oscillator is voltage tunable over a frequency range greater
than the double-sided Doppler band. The frequency of the local oscillator
*will be adjusted by an automatic frequency control loop to remain 18 Mc -
below the frequency of the lowest spectrum line in the received frequency
band. The resultant i-f frequency band of the down-converter is given by:

fp=1p +tAfp - (€ -1) (87)

if R-""R

The i-f frequency band is amplified and applied to an up-converter.
The modulation frequency of the up-converter is derived from the local
oscillator veoltage of the down-converter; its frequency is the difference
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between the local oscillator frequency and the frequency ft of an ultra-
stable oscillator whose frequency identifies the ground station. The up-
converted frequency band is the upper miodulation sideband generated in
a single band modulator; its frequency is given by:

g =4 ~f, L+ g+t ap - -£)
. { | (®8)
N =gt Afp -,

The retransmitted frequency band is translated by the highly stable fre-
quency { ; the local oscillator frequency is not contained in the retrans-
mitted spectrum. The phase relation between the spectrum lines is pre-
served.

It can be assumed that in a conventional single sideband modulator
spectrum, the first-order lower modulation sideband is 20 db below the
upper sideband. However, in the proposed system it is especially impor-
tant that tha hxgher«:rder upper sidebands be greatly suppressed. The
reason is ﬂ:at the sedond, third, and fourth order upper sidebands are in
the frequency interval between transmitted frequency band and received
frequency b.'imd and partly overlap with the received frequency band. The
local oscillator frequency can be chosen such that none of the spectrum
lineg generated in the SSM (Single Sideband Modulator) are identical with
the spectrum lines in the received frequency band. The suppression of
the lower modulation sidebands of the SSM is of less importance, since
their frequencies are below the transmitted frequency band.

Down-~Converter

"The down-converter in the ground transponder will be a convelitional
balanced crystal mixer with a bandwidth of approximately 40 Mc and -

8 conversion loss of 6 db. The balanced design has the function of sup-
pressing the noise accompanying the local oscillator. To accomplish

this, the admittances of the diodes at their operating point have to be
very well matched. To keep the noise in the down-converter to a mini-

mum, an additional requirement is that the noise sidebands on the local
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oscillator, over a bandwidth of twice the i-f frequency, be at least 80 db
below themain signal. This requirement can be met by most microwave
oscillators, since their noise sidebands generally result from power sup-
ply variation or statistical variations which are much lower in frequency
than the i-f frequency ‘

The unnge frequency in the down‘eonverter which is given by .

: £, =26 - f)-(fR+AfR) . -
is below the received frequency band and outside the passband of the
parametric amplifier. The impedance of the parametric amplifier outside
its passband becomes reactive, consequently, the image frequency termi-
nation becomes reactive. The transfer admittance of the down-converter
(given by the ratio of the current of the incoming signal to the voltage of
the i-f signal) is dependent on the image frequency admittance. The
phase characteristic of the transfer admittance in the down-converter is
related in a rather complex function to the image admittance. There are
regions of very small dehyydistortio‘na and of comparatively large ones,
depending on the image admittance. It will be important to adjust the
image admittance by choosing the distance between the parametric ampli-
fier and down-converter such that the down-converter will operate in a
region of small delay distortions.

I-F Amplifier

The down converted frequency band is divided and each of the reﬁgrf
ence signals and their modulation sidebands are passed through 'mdividual
i-f preamplifiers. The bandwidth of the preamplifiers is 1 Mc. At the

input to the i-f %reampliﬁer, the power level of each of the major spectral - - :

components at maximum slant range is approximately 10 15

watts, the
pnoise power in the amplifiers is approximately 10 13 watts. In the pre-
amplifiers, the amplitude of the signals and of the noise spectral density
is sufficiently small to assume that the preamplifier characteristics are

linear. .
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The gain of the i-f preamplifiers will be made 40 db to bring the power
in the three reference signals to 1011 watts. The three preamplifiers will
be of identical design and great care will be taken to match the time delay
in the three amplifiers.

To compensate for the Doppler frequency shift + 4 of the received
frequemcy, the frequency fv of the tanable VHF oscillator has to be cor-
rected in order to bring the i-f frequencies to the center of their respective

crystal filters in the narrow band post i-f circuitry., The handwidth of the

post i-f crystal tilters will be iess than 1 kc so thai ithe minimpum signal-to-

noise ratio of the recombined signal will always be greater than 8 db.

The filters and the amplifiers which operate in parallel must be of
identical design and very carefully calibrated so that the time delay for all
the spectrum lines which are amplified will be the same.

The gain of the main i-f amplifier is made 90 db to bring the signal |
level to ??pproxxmately 10 mw.

_Ug:gonverber
The up-converter in the ground transponder will be a single sideband

modulator. The S8M which is proposed has comparatively wide bandwidth and,
in addition, sufficient isolation is provided to minimize the effect of possi-
ble internal reflections which could intreduce phase errors. The SSM is
shown schematically in Figure 40. In the SSM, the carrier at a frequency
of fr - fV - ft is diyided in a 3 db hybrid junction and directed to the two
balanced modulators. In the scattering matrix of the hybrid, the voltage
transgxission coefficients, 823 and 832 are zero. This indicates that waves
which might be reflected at one of the balanced modulators will not be
coupled in the other balanced modulator. The balanced modulators are
hybrid junctions with nonlinear-resistance mixer diodes placed in the sym-
metrical arms. Modulation is obtained by taking advantage of the nonlinear
d-c characteristic of the diodes. The diodes function as AM modulators and
the balanced modulator characteristic is obtained by suppression of the
carrier in the AM spectrum by correct phasing of two modulated signals.

The output signals of the balanced modulators are combined in the out-
put hybrid junction, and the upper sideband is used.
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1
* Figure 40. Single Sideband Up- Converter
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For an input power of 10 milliwatts to the SSM, the power output at the
carrier of the frequency fr - fv - ft will now be about 1 milliwatt, This
is sufficient to drive the transmitter chain to the nominal output level of
25 watts.

424 Multipath Effects

Signal propagation to and from the ground based antennas suffers from
interference effects due to intermediate reflection of part of the AROD sig-
nai from ihe eartb’s surface. This interierence is a possibie source of
measurement error and must be considered in‘the system design.

The effects of intermediate reflections, or multipath signals, can be
greatly reduced by judiciously locating the ground antenna and by tailoring
its design to produce sharp lobefextinction beyond the needed coveragé.
However, there are natural limits in both the surrounding environment and
in the antenna design beyond which it is virtually impossible to go. For
example, the reflection coefficient of ground or water near grazing ingi-
dence takes on rather "universal” properties independent of the surface
properties. This follows since, except for very dry ground, }ec {>>1,
where ¢ c if the complex dielectric constant of the ground or water. With
this approximation:

. Ve sin ¢ -1
1"v = pveﬂ%w e {90)
\/-e—c_sin p+1
and .
A iy sin p - Ve L
I, = Ppe h, ¢, (904)

sinzp-vw/?;

where: the v and h are subscripts indicating vertical and horizontal polari-
zation; I' is the complex reflectioncoefficient of magnitude p and phase ¢ ;

and ¢ is the grazing angle .27 It can be seen from Equations 80and 90A that
for ¥ = 0 and €. finite I‘v = I‘h =-1. I A approeches =, I‘h approaches

-1 for all values of §. However, I‘v approaches + 1 for all values of ¥
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except ¢ = 0, For iniermediate values of €. I‘V is a considerably more
complex function of § than is I‘h. Specifically. when £ is real, P,
approaghes (t when sin 4= 1/- A (This value of ¢ is the complement of
Brewster's polarizing angle). When § is less than this critical value,

t;bv =7, but at the critical angle it decreases abruptly to zero. where it
remains for larger values of . When €, is complex P, can decrease only
to a minimum value greater than zero, reaching the minimum value at an
angie smaliler than gin ! (s TC‘) At the same time @V is no longer dis-
continuous at this angle, but it decreases rapidly from somewhat less than
7 to a small value and decreases slowly thereafter. As €. approaches ,
the critical angle approaches 0 and I‘V approaches + 1 for all values of ¢.

Usually only small values of . are of interest in the microwave region
since relatively narrow beamwidths are generally used and illumination
entering at large depression angles is much reduced relative to that close
to beam center. Also, the effects of surface roughness wiil significantly
reduce the effectiveness of specular reflection at high depression angles.
A divergence factor due to the earth's curvature will further reduce the
intensity of specular reflection.

Rather than make an exhaustive analysis of various combinations of
antenna designs and site locations at this time, only the ground antenna
design which we consider most suitable for the AROD system will be exam-
ined. Further, only the worst environment for multipath interference,
namely, surx?ﬁlmding sea water, will be considered. Althcugh this enviroq—
ment is a worst assumption, it is a very real possibility for an AROD
ground station location. Local obstacles will not be considered since the
difficulty they present can usually be overcome by careful siting.

< The AROD system requires coveragé down to 52 above the horizon,
and at this angle, an antenna gain of 13 db is required to give the desired
signal strength. The proposed antenna is composed of a stack of 13 inde~
pendent antennas, each having semi-annular coverage, while the vertical
coverages differ. The antenna covering the 5° elevation angle, has a ver-
tical beamwidth of about 5°. Such an antenna has a sidelobe minimum

along the local horizon, and since a vertical array with some illumination
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control is contemplated. -20 db sidelobe peaks should be readily obtainable.
The radiation center of this antenna is assumed to be located approximately
10 meters above the sea. The earth's curvature limitation on the horizon-
tal line-of-sight distance corresponding to this height is about 7 miles.
Reflection from areas of the sea beyond this distance therefore are of no
consequence since they would never reach the antenna. With the 5° mini-
mum elevation angle restriction and under specular reflection conditions
the sea area cdntributing the multipath signal is located about 115 meters
from the antenna. -This condition is shown in Figure 41, and the path differ-
ence between the direct ray and the reflected ray is:

115
coé 50

(1 - cos 10°%) = 1.74 meters

In order to calculate the error introduced into the range measurement,
the tone method of measuring range in the AROD system must be consid-
ered. The range measurement is made by measuring the phése of the
5 Mc tane derived by product detection of the two principal components of
the trmmxtted spectrum. The transmitted 51gnal is composed of two
equal amplitude components of angular frequency w,_ and wg v @ (where

0
u,m/Zn = 5 Mc). Thus, the direct signal voltage to the ground terminal is:

= Acos w

e, = ; Ot + A cos (wo + wm)t, (91)

where A is the peak amplitude of the components. The indirect signal is
correspondingly: ¢

R = B cos wo(t+2t) + B cos (w0+wm)(t + At), (?2)
. )
where B is the peak amplitude of the components, At=1£/c,
is the additional path length,and c the velocity of light. After retransmis-
sion. both signals enter the spacecraft recelver and the output at @ is
recovered, This is given by:
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Figure 41. Mullipath Intevference at Ground Antenna
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2 - 2 g Fon - ® :
e, AT cos amt + B cos (u.mt wmAt)

+ AB cos (wmt - wDAt) (93)

- AB cos (a;mt + umAt + wOAt)

g .

This expression contains two phase shift terms due to the time delay,

namely. w,At on the carrier and w__ At on the beat frequency. Since the
v

a2

flected signal will enter the antenna on a sidelobe, B < A,and terms in

[V

B” will be neglected. The remaining components are shown on a vector

diagram in Figure 42.

Figure 42. Vector Diagram of Multipath Signals
The phase error, &, introduced into the resulting signal, €m’ is given by:

_ AB;.sin {w At + w, At) - sin w At]
6 = tan} m 0 0 : (84)

-

i

2 ! .
AT+ ABLcos (wmAt + wOAt) + COB woAtj
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Since the AROD system is only of interest if we can control the multi-
path error to a small fraction of the period of the w signal, wmAt will

always be a small value and Equation 94 can be approximated by:

ABw__ At cos w At
5 = tan1 L 0 (95)
A |
A"+ AB qus woAt wmAt sin woAt
or further if ﬁ« A
Be Atcos w At . .
_ m 0
6 = A (96)
and the range error is:
ﬁ 2nt
AR = Xl cos 'i;)‘ (97)

0
Equations 96 and 97 describe the case of interest here. They indicate that
the phase errér in the W signal, which in turn determines the range error,

where AO is tl;e wavelength corresponding to w

depends directly on the time delay, or path difference, and is a sinusoidal
function of the microwave phase delay. The magnitude of the error is of the
order of B/A.
In the case illustrated in Figure 41, where £ = 1.74 meters, B/A = %(20 db
sidelobes), and 2x¢ /10 = nr, the range error from Equation 97 is 0.174 meters.
In addition to the range error given by Equation 97, a Doppler error also

" results from she interference of multipath signals. Since accurate Doppler . .

measurements will be made on the carrier frequency, only a single carrier fre-
quency, need be examined for this effect. By analogous relations to the
modulated case above, the carrier phase error is:

-1 B

dc=tan Ismw

LY

0 At (98)
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and the resultant amplitude function is:

_ B ny
R = A[l +-A cos wOAt} . (99)

where A and B are the direct and indirect signal amplitudes, respectively,
and B< A. Small carrier amplitude modulation can be eliminated in a
limiter before the Doppler measur\ement is made. and hence, only the phase
modulation term is significant. )
in order io estimate this error, consider the case illustrated in Fig-

ure 41 except this time with an elevation angle of 10° rather than 5°. For
10°, the point of specular reflection moves in ;to 56.5 meters, and the path
difference between the direct ind indirect ray becomes 3.60 meters. Thus,
the path difference increases by 1.86 meters for an angle change of 59. At

15 cm wavelength, this distance corresponds to 12 wavelengths. Since the

‘error phase, wc’ varies from maximum positive to maximum negative for a
wavelength change in/, a phase modulation will be introduced on the carrier

signal. For the 90 mile orbit the vehicle takes about 40 seconds to change
its elevation angle from 5° t0 10°; the modulation rate is about 1,/4 cps for
one way 1ransx}ﬁssion or double this rate for the round trip. The maximum
phase excursion of the resultant carrier is B/A radians. For the case of
-20 db sidelobes, A“’max = 0.1, and thus, the sideband amplitudes are about
5 per cent of the carrier.

This same phase modulation term appears in Equation 97, and thus, the
range error is a function of time. However, the angular velocity of the
vehicle with' respect to the ground station is so slow that little smoothing
can be done to reduce the error. .

Multipath errors due to signals incident at larger elevation angles will
be considerably less than the low grazing angle case considered above for
two reasons: .

1. The scattering from the sea surface becomes diffuse and much

weaker than the specular case, and

2. The radiation eaters the ground antenna on weaker sidelobes

further from the main beam.
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Indirect signals generated by backscattering from the sea are much
weaker than the forward scattered signals except near normal incidence
to the surface, in this case, the scattered radiation can only enter by a
weak backlobeé'of the antenna, and consequently, is of little importance.



Section 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The primary conclusion of the AROD Feasibility Study is that the
AROD System is feasible. No technological breakthroughs are required to
implement this highly accurate, self-contained, real-time orbit determina-
tion system. In fact, a representative gtate-of-the-art system has been
designed and is discussed in some detail in this report.

However, rather than restrict the study to the technological feasibility
of a particular design, the more general approach of determining the
economic factors, or equipment penalties, associated with achieving various
accuracies was followed. Two families of curves (Figures 1 and 2) were
generated to indicate the measurement accuracy that can be achieved as a

function of spacecraft equipment penalty and ground station complexity.

. From these curves, a potential user of the -system can determine whether

the equipment penalties agsociated with achieving the accuracy he requires
are tolerable, and whether the AROD system '‘cost’ is lower than those of
competing approaches.

Using the representative system as an example, the range and range
rate measurement errors (rms) at an altitude of 500 miles and a range of
1000 miles are approximately 3.2 meters and .084 metérs per second,
respectively, when all ertor sources are considered. Thus, with a space-
craft equipmentvweight of approximately 27 pounds, an input power require-
ment of less than 115 watts, and reasonably modest ground stations capable
of unattended operation for long periods of time, a precise orbit determina-
tion system can be achieved that capitalizes on the basic advantages of the
ARQD approach:

185



® Cood "geometry.” that is, a high depree of accuracy in a large
volume surrounding the ground stations.
® Real time corbit determination.
® No requiren{ent for intercommunications between ground
‘ stations. _
o ®  Simple, reliable, unattended ground stations,
: e Efficient utilization of spacecraft pﬁwer.

Fomsn DM
107 raase

A design study of six months' duration is contemplated for the Phase B
AROD Study. This effort would yi:?(li four major results:
1. A System Performance Specification, which will include the over-
*  all system accuracy, the measurement accuracy, and the equip-
ment accuracy. (See definitions estahlished in Section 2 of this
report.) In addition, sub-system reliability requirements should
be established for the operational system. o
. 2. A System Design of an optimized system including the specﬁicaw
tion of syStem parameters, definition of the transfer functions of
each functional block in the system. and circuit designs for all
crit:icalb circuits. These design efforts should be supported by
experimental investigations and evaluations. The system design
specifications should include the constraints on vehicle equipment,
weighty volume and input pcwer requirements. i
b 3. A development plan for the prototype AROD equipment through
' {light test. |
Lo 4. "'A'comparétive analysis of a tracking system employing wide-band
’ modulation techniques veréus the cw sidetone ranging system, to
which the Phase A Feasibllity Study was limited. ’
. o "e‘,‘ ) .
5.2.1 Study Plan
In order to achieve these results in a six month design study, it will be -

ws necessary to make major assumptions as to the mission requirements at
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the ou’tsei of the program. Otherwise, optimization of the system design
cannot proceed. Ground rules that must be established include:

1. The operational envelape of the system, which is defined by the

~ variation of orbital parameters for *the vehicles to be employed,
and the minimum elevation angle at which the vehicles are
tracked. . '

2. Definition of the vehidle environments including boost-launch

phase, orbital phase, and vernier correction phase.

3. Reliability requirements for both the vehicle equipment and the

© ground stations.

4. System accuracy and peffoi*mance requirements.

5. Vehicle equipment. weight, yvolume and power input limitations.

6. Specifications for the vehicle antenna.

‘Many of the ground rules developed in this report may be applicable
to the design s:t::dy. If the overall program schedule dictates the need for
establishing all the ground rules within a short period, it would appear
appropriate to initiate the design study on the same ground rules. Concur-
rent with the start of the program, an intensive effort would be required
to up-date these ground rules and to establish the environmental and |
reliability r¥®quirements in a timely manner.

It is recommended that the program be conducted in the manner
depicted in the study phasing chart shown in Figure 43. Major subdivisions
of the Pﬁase B study indicated on the chart are:

® System Analysis

¢ System Design

® Evaluation of ﬁ‘w'ideband modulation techniques

5.2.2 B8ystem Analysis

This pcrtion of the study should be primarily concerned with the evalua-

tion of the performance of the AROD prototype designed in the System
Design task. Additional subtasks are the determination of the computational
and storage requirements imposed upon the ASC-15 computer by the AROD
calculations and the evaluation of the incremental accuracy of AROD.
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As indicated earlier, it may be necessary to assume that the mission
requirements, performance objectives, and equipment penalties are essen-
tially the same as those associated with the "'representative" system design
evolved in Phase A. However, it is recognized that revisions to these and
other constraints will inevitably occur. Consequently, the first two months
of the System Analysis task should be devoted to revision of the constraints,
based upon close Haison with NASA. At the end of the first two months, a
firm list of system and equipment requirements should be provided to the
sysiem designers. '

General investigations into GDOP effects, errors in vehicle "track,"
and propagation errors should be conducted to improve system accuracy
prediction capabilities. When these effects are combined with a reliability
analysis they will permit an evaluation of the performance of the prototype
design. Extrapolations from this ""design point" will result in improved
trade-off curves enabling a potential user to estimate the equipment penal-

-ties (spacecraft and ground) associated with a specific measurement

accuracy requirement.

Based upon a careful study of the computational and stoi'age capability
of the ASC- 15 computer planned for the Saturn CIB and an evaluation of the vari-
ous tasks it might perform for AROD, a set of requirements for the com-
puter should be generated.

The final subtask should be an investigation of incremental errors. It
has been estimated that the incremental errors in range, range rate, posi-
tion, and velocity would be an order of magnitude lower than the absolute
errors investigated in the Feasibility Study. This reduction would result
from thé automatic elimination of many biased érrors and the reduction of
others‘by smoothing. An investigation into incremental errors should be
conducted in Phase B to determine: 1) the utility of incremental measure-
ments to ihe vehicle guidance system; 2) system performance in terms of
incremental errors in position and velocity; and 3) an estimate of the mag-
nitude of the biased components of the range and range rate measurement
errors.
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. The end results of the System Analysis task would be:
1. System performance specifications for the AROD prototype design.
2. Trade-off curves indicating equipment penalties versus measure-
- ment accuracy.
3. ASC-15 computer requirements for AROD calculations.

5.2.3 System Design

_An evaluation of the incremental accuracy of AROD.

%,

The system design described in Section 3 of this report was optimized
only to the degree allowed by the scope of effort applied to the Phase A
study. However, it adequately served the purpose of establishing the feasi-
bility of the AROD concept. For the design study, it would be most appro-
priate to evaluate the design approaches. system parameters, and circuit
parameters that were chosen for the Feasibility Study in the light of more

accurately defined mission requirfments for AROD. Some of the more

important of these issues are:

.‘ 1.

The choice of the transmitter output component: The spectrum
that can be generated in the transmission is dependent on the
choice of this component because of limitations on the accuracy
to which phase and amplitude may be controlled. Within the
constraints imposed by the transmitter components, the irans—
mitted spectrum should be optimized for best utilization of the
r-f enerfy and minimization of the effects of non-linearities in
signal processing elements. This could be accomplished by
meang, of a computer program for which a mathematical model
of representative signal processing elements is devised to per-
mit analysis of the resulting intermodulation outputs.y " Also
depémient on 'tbe choice of the transmitter output component and
spectrum is the diﬁiculty that will be encountered in combining
the outputs of distributed transmitting elements (if they are
required).
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2. The extent to whichwideband receiver front end components are
employed in the vehicle: The best location for the muitiplex filter
in the receiving chain will be determined on the basis of mini-
mizing the effects of intermodulation gn signal tracking perform-
ance in the presence of transmitter leakage.

3. The degree of redundancy employed for. the ground station receiv-
ing and transmitting elqnents: This issue is of major importance.
in the design of the unattended ground station inasmuch as it will
strongly influence ground network establishment and operating
costs.

The spacecraft transmitter and correlation receivers have by far the
strongest influence on the penalty factors attributable to the AROD system.
For this reason, major effort in the experimental portion of the system
design effort should be assigned tc these circuits.

For the transmitter chain, the all-important question of choosing the
output element should be narrowed down tc at most two choices early in
the study. H, for illustrative purposes, it is assumed that the choice of the
varactor harmonic generator chain is substantiated during this re-evalua-
tion, a single 2.5 watt transmitter chain should be constructed. This trans-
mitter should be capzble of operation in either the unmodulated cw mode
(where phase stability is the important design consideration for summing
purposes) or the mode employing phasé modulation by multiple sidetones
(where control of the spectrum pcwer distribution is most important).
Major emphasis on this experimental effort would be devoted to the tran-
sistor driver-amplifier and the varactor-multiplier chain foliowing it.

The components required for the frequency standard and synthesizer-
modﬁlator are commer;iany available, and the design prcblems introduced
by this portion of the chain are relatively routine. In the event that another
design approach is selected for the transmitter chain. a similarly repre-
sentative experimental ::ircuit should be constructed for evaluation.

An experimental program should also be carried out for the phase-
locked loops needed in the spacecraft. During-the eirly portion of the pro-

gram, a conventional phase-locked loop should be constructed employing
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state-of-the-art components and a signal simulator capable of generating
the maximum Doppler offsets and Doppler rates that would be encountered
in the missions of interest. Acquisition and tracking behavior of the unaided
loop should be evaluated for various Doppler offsets and Doppler rates as a

function of the loop parameters. Using this loop as a "test bench," the major.

portion of the effort on the correlation receivers would be to evaluate tech-
niques for providing acquisition and tracking aids by means of isensiné ele-
ments exiernal to the loops themselves. Methods for improving pulif»in time,
probability of lock -on and tracking accuracy will be evaluated.

It is recommended that a third experimental effort be conducted on the
front end components for the spacecraft. The primary purpose of this
irvestigation would be to verify the analytica! results governing the choice
of transmitted spectrum. The major concern with isolation circuits and low
noigse componerts is the effects of leakage and nonlinearities on signal track-
ing accuracies. Critieal compdnents for the diplexer should be investigated
in order to determine realistic leakage levels. Leakage of the transmitter
spectrum should be simulated experimentally for injection into the low noise
receiver. Optimization of the transmitter spectrum, the ground station
translation frequency. and the retransmitted spectra will result from this
effort. _

Other portions of the system design can be subdivided as follows:
Spacecreft r-f components, range and range rate measuring circuits. telem-
etry and compﬁter interface components, ground antenra, ground r-f com-
ponents, ground receiver, and ground transmitter. It is anticipated that
only limited experimental investigations will he conducted in these areas.

~ These investigations wili be limited to isolated circuits which are deemed

critical. Paper desigus to the circuit level should be accomplished for all
but the routine subsections of the equipment.

5.2.4  Investigation of Wide Band Modulation Technigues

The basic techniques for generating Spread gpectrum waveforms with
very large time bandwidth products should be investigated from the point of
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v‘iew of ease of modulation and economy of matched filter design. Phase
reversal, frequency stapping and frequency swept, for both continuous and
intermittent burst typé of transmissions, should be evaluated. Major con-
sideration should be given to the problems of establishing phase-lock
within the acquisition intervals specified. The technique of overlapping
the spectra of the retransmissions of all the ground stations should be
thoroughly explored. $This appears possible by employing unique codes for
eath of the ground station retransmissions.
. It i3 expected that the spread ‘epectru.m_ technigues will introduce addi-
tional complexity to both the vehicle and ground equipment. This complexity
should be assessed againét the improvement in interference invulnerability
that these techniques afford to provide the basis for the final recommenda-
tions.

Because of the major system design changes that may result from this
investigntion, it is recommended that this investigation be completed during
the first three months of the Phase B Study.
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Appendix A
GEOMETRICAL DILUTION OF PRECISION

The errors in a spacecraft's position and velocity computed from im-
perfect measnrementis of range and range rate will vary with the space-
craft's position relative to a given ground station complex. It is the pur-
pose of this appendix to discuss Geometrical Dilution of Precision (GDOP)
and present the numerical results of some analyses of various spacecraft-
ground station geometries.

The method for analyzing AROD GDOP has been a flexible computer
program, the AROD Error Evaluation Computer Program. This appendix
introduces the GDOP analysis performed as a part of the AROD Feasibility
Study by describing this computer program. A discussion and derivations
of the basic equations for the program are presented and the results of a

series of test runs concludes the appendix.

1.0 DESCRIPTJON OF THE AROD ERROR EVALUATION
COMPUTER PROGRAM

1.1 Purpose and Scope

The purpose of the AROD Error Evaluation Computer Program is to
provide a means for quantitatively evaluating the effects of vehicle-to-station
relative geometry on the basic AROD measurement errors, over a wide
range of mission trajectories. The AROD system is a range and range-
rate orbital navigation system requiring three ground-based stations of
known location, as indicated in Figure A-1. Tb provide the desired flexi-
bility, station locations are supplied as program inputs which may be varied

from run to run. Basic errors, which are supplied as program inputs,



e

X

X, Y, Z Arbitrarily Oriented Reference Frame (shown as geocentric-inertial)
r‘, :‘2, f3 Vehicle-&o-Sfcﬁom@ , @ , @ Relative Range

f1e Toe T3 Vehicle—fo-Staﬁom@ . @ ’ @ Relative Range-Rate

Xee Yir g (i=1,2,3) Location Coordinates ofoaﬁom@ ' @ . @

T = xX+yy+zz Vehicle [nstantaneous Range Vector

V=xx+yy+zZ Vehicle Instontaneous Velocity Vector -

\
From Geometry, AROD Position Eqns are:

ox)? + (=P + (2 -z )? = 2

i=1,2,3
From Which AROD Velocity Eqns are: > ' ‘

(x -X;);( + ()"yi)).'+ (I‘Zi)i = r;;i

J

Figure A-1. AROD System Geometry
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include errors in the measurement of instantaneous range and range-rate,
and errors in specification of the three position coordinates for each of the
three ground-based stations comprising the system. To obtain & first
estimate of the GDOP effects while remaining within the time and manpower
limitations of the AROD Feasibility Study, all errors were assumed to be
independent and normally distributed. Although only approximately true,
this assumption gives realistic results while avoiding the cumbersome
mathematical complexities of correlated error sources. In addition, pro-
vision is made in the program for inclusion of bias (i.e., non-zero mean)
errors in the basic measurements and computation of their propagated
effect on position and velocity determination.

As indicated in Figure A-2, vehicle trajectory data within the observa-
tion region of the three stations are supplied by an independent three-
dimensional orbital computation program.* This program is capable of
generating both launch trajectories and orbital trajectories of arbitrary
altitude, eccentricity, and inclination angle. Depending upon the degree of
sophistication desired, the program can include the effects of earth oblate-
ness (up to the sixth gravitational harmonic), atmospheric drag, rotation of
the earth's atmosphere, thrusting schedules, and varying vehicle mass dur-
ing thrusting periods. Specification of three values of initial position and
three values of initial velocity are required for the orbital computation
program.

The AROD Error Evaluation Computer Program generates the instan-
taneous values of the elements of the position and velocity error covariance
matrices as overall measurements of geometrically-induced errors. These
elements are then used to compute the magnitudes and spatial orientations
of error ellipsoid semiaxes corresponding to the diagonalized forms of the
position and velocity covariance matrices. In this way, a description of

the error volumes within which vehicle position and velocity can be expected

*Much of the orbital computation portion of the total program was developed
as part of an earlier project. It is included here to describe the entire
program used in the AROD GDOP analysis.
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to lie with a specified probability is obtained. These data are generated at
specified increments of time within the observation region defined by the
three ground-based stations. The relation between the covariance matrix

and error volumes of specified probability levels is briefly discussed below.

1.2 Covariance Matrix Intepretation

The covariance matrix of position error is given by:

r -
o__06 0O
XX XV X7

o g 0
A= yx yy yz
p
o g o
ZX zy ZZ
where oxx = variance of x position error, axy = ny = covariance of x and y

position errors, etc. This matrix contains all the information required to
describe an error volume in space within which the vehicle lies with a
specified probability. The computation procedure for extracting this infor-
mation is as follows:

The matrix is first diagonalized by means of an orthogonal transforma-
tion C having the property that

Pa,,o o |
XX
cac=l oe¢.,, o |z D, wherelC|=1
p y'y p
o o o,
z°Z

The diagonal elements of-i)p are error variances along a set of principal
axes, x', ', z', the spatial directions of which (relative to inertial axes)

can be deduced from the elements of C. An error ellipsoid centered about
the computed vehicle position, having semi-axes aligned with these principal
axes and of lengths of Ko_,, Kay,, Ko, (whereg_, =\/;;;, etc.), can be
expected to contain the actual vehicle position with a certain probability P.
The probability level P is related to the proportionality factor K by a chi-
square distribution function as shown in Figure A-3. For example, when

K = 1 the ellipsoid with semi-axes s o'y,, T corresponds to a probability
level of P = 0.2 (20%); the 2-sigma ellipsoid (K = 2) corresponds to a level
about P = 0.75, etc.
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97

X~ Distribution 8 degrees
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-
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Figure A-3. Relation Betircen K and P Jor Covariance Ervor Analvsis



As an approximate measure of position error, it is noted that the deter-
minantl Dplis related to the volume Vp of the K-sigma error ellipsoid by:
4

- - SR | /
Vp = -§1rKUx,--K0y,-K0'Z, = 31rK3Vpol

A sphere of equivalent volume thus has a radius pp given by:

Pp = Klell/s

Tagll =17 gl Tel=] aghlel = 1

pp = K| Ap\l/e
Thus, the covariance matrix determinant prior to diagonalization can be
used to obtain a radius pp. In an approximate sense, pp is an overall measure
of positional uncertainty (with approximate probability level P related to
the proportionality factor K as before), since the spherical volume of radius
pp as given above i8 equal to the K-gigma ellipsoid volume.

The error evaluation program computes both the value of pp for K =1,
x'x"’ Uy,y,, T gt and the
spatial orientations of these axes. An entirely similar procedure is followed

as well as the principal axes error varianceso

for the velocity error covariance matrix Avto obtain velocity error volume
data and uncertainty parameterpy,. The quantities (pp/ K), ( pV/K) are
defined as the positional uncertainty parameter and velocity uncertainty
parameter, respectively. These quantities are computed as functions of
time within the observation region and are used as summary measures of

position and velocity uncertainties.

1.3 Program Inputs

As summarized in the functional block diagram of Figure A-2, the
required input quantities for the AROD Error Evaluation Computer Program

are as follows:



® Three components of vehicle initial position (xo, Yo zo)*
Three components of vehicle initial velocity (i(o, )"o, 'zo)"'
e Parameters to specify drag, oblateness, etc., effects, if these are
to be included
®  Nine station location coordinates (x,, ¥,, Z), Xy, ¥y 295 Xg0 ¥y Z,)
® Nine station location rms errors (ox;, Oyyse« -, Ozg)
Three range and three range-rate measurement rms errors
S
® Range, range-rate measurement and station location bias errors
® Minimum allowable station elevation angles, one for each station
The minimum allowable station elevation angles account for station
visibility limitations and thus ensure that only those relative ranges lying
within the observation region for the three ground stations are employed
in computing the desired covariance matrix data. All remaining input
quantities may be varied at will, to cover all trajectories, relative geometries,
and measurement rms values of interest.

1.4 Program Outputs

The program outputs include (Figure A-2):
® Position and velocity covariance error matrices, together with
matrix determinants and equivalent spherical volume radii (i.e.,
positional uncertainty parameters and velocity uncertainty
parameters).
®  Error ellipsoid principal axes directions and error variances
along these axes.
® Position and velocity errors resulting from bias errors in range
and range-rate measurements, and station location.
These outputs permit ready determination of position and velocity error
volumes for any specified probability level, as a function of orbit geometry,
station location, and vehicle position while the spacecraft is in the observation
region defined by the three (elevation-angle-limited) ground-based stations.

*In the orbital computation program, these quantities enter in terms of polar

spherical coordinates (r ,A . ¥ ; T, Xo, $); see Section 2.1.
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2.0 PROGRAM EQUATIONS
2.1 Trajectory Computations

2.1.1 Coordinate Systems

The digital computer program employed to generate trajectory data for
the AROD Error Evaluation Computer Program is based on a Runge-Kutta
numerical integration of the differential equations of orbital motion in three
dimensions. The orbital equations of motion are wri
coordinates relative to a geocentric inertial frame, as indicated in Figure A-4.
The instantaneous position of the orbiting vehicle center of gravity, P, is
defined by the sperical polar coordinates (r,A ,y ) where:
radial distance of P from earth center.
celestial longitude of P, measured (in the equatorial plane)
from the positive X inertial axis.
¥ = celestial latitude of P, measured (in the plane perpendicular

to the equatorial plane and containing the earth polar axis -Z-)

r
A

]

from the equatorial plane.
Associated with this coordinate system is an orthogonal set of unit vectors
(fr, —i"\, i ¢) which move with the vehicle, as illustrated in Figure A-4, and
defined as follows:
Tr is along the radius vector T from O to P, positive outward

i)\ is tangent to the circle of constant celestial latitude at P, positive

to the east
is tangent to the meridian of celestial longitude through P, positive
to the north .
Components of vehicle linear velocity in this coordinate system are then:

-—

'.lw

radial velocity component, along'fr =r

I

northward velocity component, alongfw =y
ez-lstward velocity component, alongi A\

rA cos y, relative to a non-rotating earth

r 0\ - Qe) cosy , relative to a rotating earth

>3 >3 €_<.' ’1<
!

where, as indicated in Figure A»4,9e represents the magnitude of the earth
angular velocity about the polar (Z) axis.
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Figure A-4.
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Trajectory Program Coordinate Systems
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As may be inferred from Figure A-4, the polar spherical coordinates

(r,A,¥) of P are related to the geocentric inertial coordinates (X, Y, Z) of

P, by the eguations:

X = rcCcoBY COBA
Y = rcos¥ sini (A-1)
Z = rsiny

from which the inertial components of vehicle velocity are obtained as:

X = rcosy cosA -rTy siny cosA - rA cosy sinx
Y = rteos i sin). - r¥ siny sin) + T\ CO8Y¥ CO8BA (A-2)
Z = rsiny +r :p cosyY

The geocentric inertial frame (-)_(, Y, Z) is defined such that the X, Y,
axes lie in the equatorial plane; with X directed in a convenient inertial
direction (e.g., towards the vernal equinox); and Z directed along the earth
polar axis. '

2.1.2 Equations of Motion

In terms of the spherical polar coordinates defined above, the equations
of motion of point P about an oblate earth while under the influence of

gravitational, drag, and thrust accelerations are
. *2 *2 2 Gy Fy
- - | I — + —
g ry TA COS8 Y + ——

>ﬁ’

5.5
A cosy +2n, cos i - 2r Ay siny =-E j‘-l-'*-!—n- (A-3)

r;;’;+2;'z;+ri2 sin § cosy —J _‘L .Jlf.

m m

In Equatibn A-3, m represents vehicle mass, and the G, F, and Dterms
represent the indicated components of gravitational, thrust, and drag
accelerations, respectively. Although the computer program, as currently
written, includes the required expressions for F and D these quantities
were neglected in the present AROD analysis (non-thrusting orbital motion
in an essentially atmosphere-less environment was of primary interest).
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F

To deseribe earth oblateness effects up to the sixth gravitational
harmonic, the following expression for the earth's gravitational potential ¢
is employed :

2 3

IR J.R

- KM{].«P 2 (1- 3sin’y) + 2 @ - 5 sin’¥) sind
. r

2 2r

4 S
I4R 2 .4 9R g -
in'y + 308l y)-——= (15-708in"y + 8350 y) siny  (A-4)
8t 8r

1
b

P
[

¥
[49]
<@

w

= (5 - 105 siny + 315 siny - 231 sin'¥). .. }
i6r
where
- KM =  gravitational constant - mass product of
earth = 1.407654 x 10'%5t3/sec?
‘ R = equatorial radius of earth = 2.0926428 x 10' ft
and J,....,d 6= vooefficients of earth gravitational harmonics
The values employed in the computer program for the earth gravitational

harmonic coefficients are those internationally adopted in 1961:

J, = 1.08226x107°
dg = -2.3x 1078
J, = -z12x107°
J, = -02x10°
Y -6
J6 = 10
B Components of higher-ordered oblate earth gravitational force per unit
==~  massin the (r,a ;4 ) directions are the gradient components of the earth
potential function ¢ as given by Equation A-4.
- 2 ‘ 3
3J R 4J_R
Gr_@g_KM[_l_ 2 2 3 a2y i
moer-F 1" %" 23 (1-3sin¥) - i (3 - 58inV) sin¥
i r 2r
4
5J R
+ 45 (3 - 30 sin¥ + 35 sin'Y)
8r
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5

GJSR 9 4
+ (15-70 sin'y + 63 sin ¢) siny
8r6
A 2 4 6
—167 (5- 1058in"y +315siny - 231sin ¢ )...
b

r cosy 9
- 2 3
G 3J,R J R
.%:%g% :K;& {_ g siny cosy + 3 3 (3-15 sinzdz)coszﬁ
T r 2r
IR 3
-3 (- 60 siny +140 sin'y ) cosy
8r
'3535 . ) . (A-5)
- 5 {15 - 210 sin"y + 315 sin"p) cosy
8r
3 R® 5
+—— (-210 siny + 1260 siny - 1386 sin’y ) cosy....
16r

For purposes of the present AROD analysis, the coefficients J 2 through J 6

and the gquantity Q, were set equal to zero to consider only motion about a
non-rotating spherical earth. Note, however, that earth oblateness effects

are readily incorporated into the program by merely assigning the cited
values to the J coefficients. Likewise, earth rotational effects are incor-
porated by assigning the appropriate value of earth angular velocity to ne'

Equations A-3 and A-5 represent the set of second order non-linear

differential equations of motion which are numerically integrated, by means
of standard Runge-Kutta procedures, to yield the desired AROD orbital

data. Solutionof these equationsgives vehicle position and velocity in the
polar spherical coordinates (r,x , ), which are readily converted to
corresponding inertial coordinates hy means of Equations A-1 and A-2.
Specification of the components of vehicle initial position (ro, Ay zpo) and
velocity(i'o, Xo, 8)0) are required in order to integrate Equations A-3 and A-5.
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2.1.2 Relative Range and Range-Rate Computations

To compute the elements of the various matrices employed in the AROD
Error Evaluation Program, instantaneous range and range-rate of the
vehicle relative to each of the three ground stations are required. As indi-
cated in Figure A-1, these quantities are given by:

r, = [(x - xi)2 +(y - yi)2 +(z - zi)z] Mz
| i=1,2,3. {A-6)

i

r. =
1

l(x—‘t)’w‘(y y)y+(z-Z)zU
1

in which (x. y, z) and (x, v, z) are the instantaneous rectangular coordinates
of vehicle position and velocity, respectively. These quantities are supplied
by the trajectory program by means of Equations A-1 and A-2. In Equation
A-6, X0 ¥ gy {i = 1. 2, 3) are the rectangular coordinates of the three
ground based stations. These fixed quantities are computed in the program
by means of the program inputs of radius (Ri)’ longitude O‘i)’ and latitude
(zpi) of the three stations:

X, = Ri CO8 ¢, COSA

y; = Ri cos;;ismy\i (A-7)
z. = R, siny

i i i

Finally, to ensure that only data within the observation region defined by
the three elevation-angle-limited stations are employed in the error com-
putations, the instantaneous elevation angles €5 of each station to the vehicle
are computed from:

‘ lirrzR—rl2
€; =S TSRt
f_ id
(A-8)
1—123(-— <€<—)

At each time point, the error computations proceed if and only if the follow-

ing three inequalities are all satisfied:
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in which €3 m*€ 2m® €3y, 3T€ Program inputs specifying the minimum
allowable elevation angle of each station.

From the basic AROD positional navigational equations (see Equation A-6),
errors in vehicle position (Ax, Ay, Az) are related to errors in measure-
ment of the three vehicle-to-station ranges (Arl, Arz, Ar3) and errors in
the specification of the nine coordinates of station locations (Axl,sz,
ceve, Az3) according to:

Tp ATy =& - X ) (Ax -AX ) + (v - ¥ )Ay - Ay)) + (z - z,))Az - Az,)
Ty ATy = (X = X)HAX - AX,) + (¥ - Y)AY -AY,) + (2 - z,)Az -A z,) (A-9)
T3 ATg = (X - X3)AX - AXg) + (¥ - Y3)AY - Ayg) + (z - z5)(Az -A 25)

or
ATy Y21AX) T A AY) Y a13 A7) T2 AX * 21,4y Y244z
ATy ¥ 89)AXy * 299 AYy + 3x3A25 =35 ) AX + 35, AY + 2y3AZ (A-10)
ATy T 83)AX3 T A30AY3 + 833823 = A3 ) AX Y Ag,A Y *Ag5A 2

where the various a's are the elements of the 3 x 3 matrix M:

v _ - _ oy e ™~ -
X-X3 Y-y, z-z) T3, a, agq
rl Ty Ty
X ~-X y-¥ ) AR A a. a a
M 2 2 2| | %21 %22 23 (A-11)
1‘2 I‘Z 1'2




It is convenient to continue the development in matrix form. Rewrite
Equation A-10 as:

1 0 0O Ar1 a3 a5, ;g Ax1 0 0 0 sz
0 1 0 Ar2 +10 0 0 Ay1 +]857 39y 3yg Ayz
0 01 Ax'3 \0 0 0 | Azl 0 0 0 A22
Ar Xl A8, T»(z AS,
‘—G n 0 —“_;.‘:-‘ r..:-‘
DR bk B
a a A Az
1
31 32 33 e
. M3 AS3 AP

Using the abbreviations indicated at the bottom of Equation A-12, the

matrix AP representing errors in vehicle position, may be written:

AX
AP=[ Ay|=M ' (ar+M AS

AZ
The covariance matrix representing random errors in vehicie position
is obtained by right multiplying both sides of Equation A-13 by their respec-
tive transposes and statistically averaging both sides of the resulting matrix

|+ M85, + MAS,) (A-13)

equation. Right multiplying both sides of Equation A-13 by their respective

T
transposes, and utilizing the facts that (A+B)T=A +B'IT(AB)T = BTAT yields:

"-Ax [AxAyA?]

Ay =M lar + M, AS, + M, AS, + M AS,)
l’ (A-14)
1T

2 3
Az

v

(ArT+AS'f T T,.T T, T

M; +AS, M, +AS; M )M

After expanding and statistically averaging Equation A-14, matrix pro-

ducts such as ArAS'f, ASlAsg

independence in range meastirement errors and station position errors.

, etc., vanish by virtue of the assumption of

For example:
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Arli‘n; Ar_ Ay Ar} Az

1 1771 1
A1‘2 A\'l Ar2 A)'l Ar:A‘/l (A-15)
Ar;3 A.\'l Ar3A ¥y Arg Azl

When statistically averaged. all elements of the above matrix vanish,

3.Ax1.Ay1

the only matrix products on the right of Equation A-14 which do not vanish

since Arl.A r2.A r .Azl are all assumed independent. Thus,

. e . _ T .. T
when statistically averaged are those containing Ar Ar ’A51Abl' etc., and
these become diagonalized when averaged. The matrix on the left of Equa-

tion A-14 when statistically averaged. becomes the desired positional

covariance matrix A p'* Hence.
g g. 7 g ‘ v
Ixx Yxz - riry
xy = Ay =M o . 0
ny (Tyy Oyz . 0 l_zr‘:
Jzx Yzy Uzz r3ry
k Y ol
Ar
¢ X1X1 0 0
+ M, S U MT
1 Vivi 1
O Q (;/ .
\ ~ 2y
S (A-16)
~
(T‘ . 0 O
NoXo .
- 1\1) U v O l\lr)r
Z ).:'y.), Z
( .
~.) v UZzZ-)
1\ I
AT
62 3
0
+ M, 0 o 0 M, ?M
3 V3¥3 3
0 0 1%
- 2373
N X%
83 J

*Note that. although Ary. Ara, ... Axy,... Az3 are assumed independent. it
is clear from Equation A-10 that Ax. Ay. Az are not independent. Tt is thus
necessary to consider the positional covariance matrix for a complete
specification of positional errors.



Using the matrix abbreviations indicated at the bottom of Equation A-16.
Equation A-16 is written in succinet matrix form as:

Ap=M1 (A + MlASIM'f + MgASZMZT + M3ASSM§)(M’ l)T (A-17)
where the various matrix symbols are as defined in Equation A-12 and A-186.
As written in Equation A-17, the positional covariance matrix AP is readily
programmed utilizing standard computer matrix sub-routines. Note also
that Eguation A-12 gives nocitinnal bias errors for specified range bias
errors and station location bias errors.

Equations A-13 and A-17 are the matrix equations employed in the
AROD Error Evaluation Computer Program to compute positional bias
and positional covariance matrix data, respectively. Trajectory data
supplied by the orbital computation program (described in Section 2.1) and
program inputs are employed in computing the elements of the M, Ml’ M2, and
M, matrices. Program inputs are employed in computing the elements of

3

the Ar, ASl’ ASz, ASS, Ar’ Asl, Asz, and ASs matrices.

2.3 Velocity Bias and Covariance Matrix Computations

The relationships between vehicle velocity errors (Af(, As Aé), vehicle
/ATy AT3),

range measurement errors (Arl, Aar,,, Arg), and station location errors

position errors {(Ax, Ay, Az), range-rate measurement errors (Ai‘

(Axl, sz, .o Ayz. e Az3) are obtained from the basic AROD velocity .
navigation equations as:
Ty AT, + T, Ar, = (XA X + XAX-AX,) + (y-y)AY + y(Ay-4y,)

+ (z—zl)Ai + i(Az-Azl)

rZ&r2 + r'zAr2 = (x—xz)Ax + x(Ax—sz) + (y—y'2)Ay + y(Ay-—Ayz) (A-18)

+ (z-z,) Az + é(Az-Azz)
r3Ax"3 + 1."3 Ar3 = (x-x3)A;< + x(Ax-Ax3) + (y-yB)Ay + 5’(Ay—Ay3)

+ (z—z3} Az + z(Az—Azg)



tete

s

AX

AY

A Z

y—yl

Y’Y2

Proceedings as above, re-write Equation A-18 in matrix form:

It is desirable to utilize, in the velocity computations, as many of the

matrices employed in the positional computations as possible. Thus, noting

that:

and

ﬁli—‘

H'H

Hlv—-

(=)

3-y3 z—z3
- r—
0 0 1
r, 0 =10
0 r3 3 L_()

A-19

(A-19)
AXq

0 AYg

Z AZ3



1 0 0]
T
multiply both sides of Equation A-19 by the matrix |0 1 0
Ty
0 0 1
to obtain:
r, 0 0 far) ran (ax] [x ¥y z[ax)
— r, r, T
1
0 1, 0 f{lar,} *lAr, |=Miayl+ix y  zjlaAy
T, Ta T2 T
2
0 0 rq Arg Ar3 Az X Y z|Az
- r T r
Tal S ) |
- -~ e e
e — |
Q AT AT %VJ VN e
= b ¥ and “3 - -\ - o — -
%_ rL _:__ Ay 0 0 0 ax, 0 0 0 AXq
1 1 1
Ta Ty T
0 0 0 Azl 0 0 0 Mgy _)E_ }L %_ AZq
N, A, N, A%, X, N

or, in abbreviated form:

QAr + Ar = MAV + NAP - le:ss1 - N2A32 - N3A83

The matrix symbols used in Equation A-21 are defined at the bottom of
Equation A-20. Using Equation A-22 for AP, Equation A-21 becomes:

MAV = QAr + AF - NM™'(Ar + MAAS, + MAS, + M AS,)

+ NI.Z\S1 + N?'AS2 + I\3AS3

A-20

(A-20)

(A-21)



: -1 -1 -1
=AT + (Q-NM )Ar + (N -NM "M, )AS, + (N,-NM 'M,)AS,

-1
+ (N, - NM "M,)aS,

(A-22)
Right multiply both sides of Equation A-22 by their respective transposes
to obtain:
ak] [af]T
. d wWT - -1 -1 -1
M Ayl lag! M° =[ar+ @ NM ) ar+ (N,-NM""M )AS, +(N,-NM""M2)aS,
L Az] Az (A-23)

-1 -T T -1.T
+ (N;~NM MB)ASS}[AI‘ + A (Q@-NM1)
T -1,, T T -1, ,T
+AS) (N;-NM "M,)" +AS, (Ny-NM ™ M,)
T -1, .T
+AS; (Ng-NM ') T ]
Recognizing that all matrix products such as Ar AS'lr average to zero
because of independence of error sources, Equation A-23 becomes, when

expanded and averaged:

T _ -1 -1,T -1 -1,, T
MAGM™ = A +(Q-NM DA _(Q-NM )" + (N -NM Ml)Asl(Nl-NM M)

T

-1 -1 -1
+ (N,-NM MZ)ASZ(NZ—NM M,)" + (Ny-NM™ M)A T

-1
S5(Ng-NM "M,)
or, finally:

R | -1 -1,T -1 -1,, .T
AV—M E\i+(Q-NM )Ar(Q—NM ) +(N,-NM Ml)Asl(Nl-NM M,)

(A-24) ~
. (N?-Nm‘IM?)ASZ(NZ-Nm‘lmz)T + (N3-NM'1M3)A83(N3—NM‘1M3)1j(M")T

in which
~ -
C.. .

AV 2 Velocity Covariance Matrix ={o,. o. (s
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Lo, . 0 0 % (A-25)
z

A.Es{} [ ¢
r

i

!

§

;0 0 'J.r.r

: 3°3
et

and all remaining matrix symbols are as previously defined.

¢
e

From Equation A-22, the matrix equation giving velocity bias errors

in terms of specified range-rvate, range, and station location bias errors is:

o
%]
AV= Al = M AR @-NMhar + (8 NN M )As) - N - NMTIM,) as,
i =
AZ!
{_ = (A-26)

-1
R NV h S
+ (N3 NM M3)A 3]

Equations A-21 and A-26 (written in forms that permit rapid program-
ming by means of standard computer matrix sub-routines) are the matrix
equations employed in the AROD Error Evaluation Computer Program to
compute velocity covariance matrix and velocity bias data, respectively.
Trajectory data are employed in computing the elements of the Q, N, Nl’
N:" and N3 matrices: the elements of the remaining matrices are computed
in the nianner indicated earlier.

2.4 Covariarce Matrix Dihagenalization Computations

A complete geamietrical interpretation of the covariance matrices AP
and AV in terms of ¢rroy volumes involves mutrix diagonalization, i.e., a
transformation te principal axes o1 error. Hlustrating for position error,

since A, is a symmetric matrix, there exists an orthogonal transformation:

¥
y .
Cu G G
: i
c=c, €, Cy wheroc '-cland jef=1
| - O
o0 Cae Cus
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which diagonalizes A P according to the relation:

W o 0]

C=i0 7\2 0

0 0 }‘3

where the A's are the eigenvalues of Ap. The determination of the A's and

the elements of C is accomplished in the program by a standard subroutine.
The transformation C has the following property: when applied to rotate
the axis systrm X, Y, Z.(Section 2.1.1) to a new system X', Y', Z' according to:
X

iYi=C (A-27)
M
— -

the trivariate normal distribution of position error becomes independent
in the directions X', Y', Z'. Further, the variances of error in these
principal axes directions are the eigenvalues of Ap:

OX'X’ = Al
ytyv = Az (A‘ZS)
O’Z,Z, = ).3

These variances and their corresponding standard deviations 0y = v Oy rxt

=V Al), Gy" o, are available as part of the program printout.

The program also computes the spatial directions of X', Y', Z' relative
to X, ¥, Z by means of polar spherical azimuth and elevation angles based
on the elements of C. For example, denoting Ax and Ex and the azimuth
and elevation angles of X':

X' = cos E_cos Axf(— +cos E_ sin AX—Y' + sin Exz (A-29)
But from A-27 and the definition of C:

X' = CuX + C~2 (

R 0312 (A-30)

A-23



Thus it follows by equating components in A-29 and A-30 that:

C
21 -1
sztan -G*andEx-sm (C

)
i1 31

Similarly the direction angles of Y' and Z' are given by:

C
o -1{"22 -1
A =tan (—c ) , Ey =sin "~ (Cg,)

In the principal axes system, error volumes corresponding to different

probability levels P are ellipsoids defined by equations of the form:

2 .2 2
x' 2y + z' :K2

GX'X' U}.;y' UZ'Z'

where the semiaxes are Ko_,(= Kw/?;;), Koy,, Ko ,in the X, Y,z
directions, respectively. The probability P of position error contained in
an ellipsoid of size parameter K, is equivalent to the probability P that the
chi-square variable (for 3 degrees of freedom) is defined by:

2 2 2
2 _ x v . z'

UX'X' U}"}"' UZ'Z'

is less than the value Kz. The latter probability can be obtained from

standard tables of the chi-square distribution; it was from such a table that

the relation between K and P presented in Figure A-3 was obtained.
Although the initial program runs to be described below werg primarily

concerned with variations in the overall uncertainty parameters (-—) and

(—-) {Secticn 1.2), the detailed geometric error volume data dlscussed above

is available for more complete future analyses if desired.
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3.0 PROGRAM RUNS AND RESULTS

3.1 Description of Program Runs

A set of program runs was generated to serve as first tests of overall
AROD system performance and to aid in the system design. For purposes
of these initial tests, a non-rotating drag-free spherical earth, equatorial
circular orbits, and equilateral station arrays were assumed. In addition,

nrarniant AF tha thwaa oahiasals ¢4
AN REANIAM 4

s
standard deviations {5 ) in t of the three vehicle

tions {¢ ) in measu

ranges were assumed :qual, as were the three standard deviations (of) in
range-rate measurement, and the nine standard deviations (o s c) in specifi-
cation of station coordinates.

Combinations of three values of orbital altitude (h = 90, 500, 2000 naut. mi.)
and three values of (equal) great circle station separation distance (S = 300,
500, 1000 naut. mi.) were incorporated in various runs. For several com-
binations of (h, 8), the station array was oriented relative to the vehicle
orbital track so as to give three vehicle-to-station array paths. These
three paths, and the corresponding station coordinate equations required
to properly orient each station, are shown in Figure A-5. Thepaths illustrated
in Figure A-5 were chosen as representative of the effects of vehicle-to-
station arfay geometry, varying from "best" (Path 2) to "worst" (Path 3).

As indicated in Figure A-5, all orbital calculations commenced at t = 0
which corresponds to an initial longitude displacement (from station 2) of
45°. Orbital calculations were performed for an orbit time of about one-
quarter of orbital period (25 min for h = 90, 500 naut. mi.; 50 min for h =
2000 naut. mi.). During these time periods, the program utilized only those
points within the three-station observation region (defined by eM) to perform
error calculations.

For error source program inputs, several combinations of range-
measurement standard deviation (or), range-rate measurement standard

deviation ( ox._), and station coordinates standard deviations ( Usc) from the

ranges:
1.0 < o <10.0 meters
0.02 <0, < 2.0 meters/sec
<
0 < asc <15 meters
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Path 1

R1 = R2 = R3 =R
17 ¥ 7 0, ¥y = cos-’!cos S feos (S /2)]

A =45°-S/2,,\2=45°,A3=45°+S/‘2

¥

Path 2
R] = R2 = R3 =R
- ¢1=0,¢2=S/2, ¢3=-s/2
\\ . - °
ez /,f Ay=2y=45
g 45° S T m /’, A, =459 - cos‘v' [cos 5/cos {S/2)}
’vhv'l PR 1
\ 1 "//’
/ O™ 47
”A\ l’
__________ - .
t=0 ©)]

Path 3

R)=R2=R3=R

A, = 45° - 82,2, = 45°, A3=45° +8/2
¥, =w3=s/2,

K Al ¥, = cos” [sinSsin( ap)/ain (6/2)]

. = cos™ ([ cosS - sin® (5/2) | /cos2(S 2}
- o = Sin-][sinﬂcos ($/2)/5in'$ 1

— 8 = cos-‘[t:cass - cosZS')/sinZS]

- -

Figure A-5. Test Paths
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were chosen. As mentioned earlier. the assumptions o, = Opg = Org> 01 =
°t2 = Gt:,’ and Gscl = Uscz =....= ascg were incorporated in these first
test runs. Range, range-rate, and station location bias errors were assumed
zero in all runs. Minimum elevation angles of 5° were assumed for each
station.

In general, the above ranges of values for h, S, 0L Gpr Ogrs €pp
chosen to represent typical anticipated operating values for the AROD

were

system. Table A-1 summarizes the values of orbital altitude, station sepa-

assumed for each test

uirx i i Veae

3.2 Discussion of Program Results

Some of the results obtained for the computer runs tabulated in Table A-1
have been discussed in Section 2.2 in the main body of this report. Other
results obtained during the Feasibility Study are given in Figures A-6 to
A-16, Note that in each figure the positional uncertainty parameter (—I—{—)
and the velocity uncertainty parameter (—ﬁ—) are used as summary measures
of system accuracy. In most of the figures, these parameters are plotted
as functions of t, the time from the start of the orbit. The first and last
points indicated on each time plot represent the first and last trajectory
points lying within the elevation-angle-limited observation region; a direct
measure of the total observation interval T is thus provided on each time
plot.

The quantities (—%P )} and (‘%’) are related to position and velocity error
volume radii for any proﬁability level P via Figure A-3. To illustrate, the
top curve of Figure A-6 shows a minimum value of 12.5 for (%—P). This
means that, at this point, vehicle position can be approximated as being
within a sphere centered at the true position and having a normalized radius
X ° 12.5 with {(approximate) probability level P given by Figure A-3 as a
function of K. Thus for K = 1, P = 0.2, and a sphere of radius 12.5 meters
corresponds to a positional error probability of 20%, for K =2, P = 0.75
and a sphere of radius 12.5 x 2 = 25 meters corresponding to a 75% probability

level, etc. These probability levels are actually associated with ellipsoids



TABLE A-1

SUMMARY OF TEST RUN CONDITIONS

Station Range Meas~| Range-Rate
Orbital | Station Location | urement measurement
Run Altitude | Sep Distance | Stnd Dev. | Stnd Dev. Stnd Dev.,
Number | Path | h, NM | S, NM . M o.M s M/sec.
1 2 5{{0 500 J'L 1 0.2
z 2 05
5 | | 10 >
4 1 90 3 0.5
5 l 500
6 2000
7 2 500 3
8 ¢ 15
9 3 v 7
10 1 90 300 l
11 ¢ | 2000 1000 v v
12 2 500 500 3 1 0.2
13 15 10 2
14 3 ¢ !
i5 15 1 0.2
16 0 3 0.5
17 1 300 7
18 l v 1000 l l
19 90
20 2 500 500 7 3 0.2
21 ! 10 0.5
22 1 1
23 v 3 2"
24 0 1 0.2
25 v 10 2
26 7 1 0.05
27 ¢ 0.02
28 v 3 0.05
29 1
30 3
31 1 90
32 2 l
33 3
34 1 | 2000
35 2
36 3 v
37 1 1000
38 2 v v
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(see Section 2.4 of Appendix A) rather than with the "equivalent-volume™
spheres of radii p p* For preliminary system evaluation, however, the
approximation is made that the same probability levels apply to the spheres.

The effects on system accuracy of varying range and range-rate
measurement accuracies (or, 1‘) while preserving constant values of sta-
tion coordinate standard deviations (o' ) can be illustrated by the results
shown in Figures A-6 through A-8. Data for these figures correspond to
an orbital altitude of h = 500 naut. mi_, Path 2, and a station separation of
S = 500 paut. mi. (A total observation iniervai of T = 11 min is note
occur for these conditions). Range, range-rate standard deviation combina-
tions of (10 m, 2 m/sec), (3 m, 0.5 m/sec), and (1 m, 0.2 m/sec) were used
in generating the data given in Figures A-6 through A-8. For Figures A-6,
A-7, and A-8, fixed values of O = 3 m, 7T m, and 15 m, respectively, were
selected.

It is noted from Figures A-6 to A-8 that the maximum, minimum, and
average values of both ("’_Klf_) and (Ell("-) are reduced as 0. and 0 are reduced.
The degree of reduction of (5=}, however, is strongly dependent upon the
relauve magmtudes of o. and o as may be noted by comparing the spread
of the (—-) curves m Fxgure A~6 with the spread in A-8. Comparison of
the corresponding (—-—) curves indicates that this quantity does not depend
as strongly upon the magnitude of e for the range of parameters shown in
Figures A-6 to A-8.

The relative insensitivity of (—~) to Oy (for this range of parameter
values) is also indicated in Figure A-9, in whxch time plots of (—) and
(—-—-) are given for a fixed combination of o » g !‘ = (3.0 m, 0.5 m/ sec) and
four values of og, (0, 3, 7, 15 m). For the (-—-) scale in Figure A-9
differences in (——I‘(l) for Oge = 0 and Oge = 3.0 m are 1mpercept1ble.

A cross-plot of the data of Figures A-6 to A-9 is given in Figure A-10.
Since the general shapes of each set of curves in Figures A-6 to 1})—9 is
agproxxmately preserved in varying Oy , the minimum values of (———) and
(——-) may be taken as approximate measures of system performance through-
out the observation interval T for each run. These quantities are plotted as
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X M/Sec

Velocity Uncertainty Parameter,
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40 4 (Ronge St Dev. o, = 10 M
Range Rote St 69‘(, o, =2 M/Sec)

30 + /
27 (3 M, 0.5M/5ec)
10

{1 M, 0.2M/Sec) /

ot T R T T T !

T 1 T T T Y
0 5 6‘ 7 8 4 10 N 12 13 14 15 16 l? 18 19
&  Total Observation Interval Tfor ———®

i h = 500 naut. mi, S = 500 naut. !
}OT mi. Poth 2
CONDITIONS
9 Orb Alt, h = 500 naut. mi

(]o M, 2 M/Sec) 5t Sep Dist, S = 500 nout. mi
8 Path 2
Equal for all 9 station coord

7-1 Usc
6‘1
5—

4 4

{3 M, 0.5 M/Sec)

2 \
4(1 M, 0.2 M/Sec) -
‘ \

e
0 ‘ulf1 T T R T T Y T T T T T T T 1
0 5 6 7 8 9 10 IR 12 13 14 15 16 17 18 19

TimavFrom Start of Orbit, t, Min

Figure A-6. System Accuracy for Fixed Value o Station Coordinate.

Standard Deviation (oo . = 3M) and Various Combinations
of Range, Range-Rate Standard Deviations (Runs 12, 7, 14)

A-30




20

L4 10
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M/Sec

Py
K ?

i (o, = 10 M, =2 M/Sec)
o =7M
sc
{3,0.5)
(1,0.2)
- Y
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D 5 é 7 8 9 10 11 12 13 14 15 16 V7 i8 19
h: 1 L |

1
1
(10,2) CONDITIONS
h = 500 nout. mi
. S = 500 naut. mi
Path 2
7 Allo__ Equal
(3,0.5) .
. “'Q —
/
"‘F‘Ar T Y T T T T T T 1 T T T T
C 5 6 7 8 9 1 1 e 13 14 15 16 17 18 19

t, Min

Figure A-7. System Accuracy for Fixed Value of ogo (7M) and Various

Combinations of 0, O, (Runs 1, 2, 3)
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(gr = 10 M, o, =2 M/SGC)

70 1
(3,0.5)
-
0 {1,0.2)
g =15M
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s 3077 CONDITIONS
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Q S = 500 naut. mi
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AllcrscEqual
104
-
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i
8—1
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24
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/
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0 5 é 7 8 9 10 1 12 13 14 15- 1 17 18 19
t, Min

Figure A-8. System Accuracy for Fixed Value of og. (15M) and
Various Combinations of 0, 0, (Runs 15, 8, 13)
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functions of o nd Tar respectively,* for four values of Oe in Figure A-10.
The insensitiv 1‘% of € )MI\’ to variations in T is clearly displayed in

- Figure A-19; (K
for the values of Us depicted. On the other hand, the slope of the quasi-

)N varies linearly with oy, at essentially constant slope,

- linear variation of 11: MIN with ¢ b is reduced for large values of O’
These preliminary results thus indicate that, for the combination of values
of {o_, o) assumed in Figures A-6 to A-9, only small improvements in
system per{ormance can be realized by a reduction of I, in the presence
of relatively large values of O o

An addiiional cross plot of computer data for the h = 500 naut. mi.,

S = 500 naut. mi., Path 2, runs is given in Figure A-11. In this figure, the

minimuim value of the velocity uncertainty parameter, ( K )MIN is plotted

as a function of Tk for a fixed value of o4 (7.0 m) and several values of

Ur- The data of Figure A-11 shows that, in the range 1.0 < 0. < 10 m,

(—IB(L)MIN is essentially independent of o fo‘; the parameter va.lues indicated.

Substantial reductions in the magnitude of (— !\)MIN however, are effected

by reducing Ty For exggxple, reducing ¢ f by a factor of 10 (from 2 m/sec.

to 0.2 m/sec.) reduces (_!?)MIN by approximately the same factor (from

2.45 to 0.266 m/sec).

In summary, the computer runs that have been conducted to analyze

the eifects of varyving measurement €IToT5 and 5tation Coordinate €rrors

on system performance have indicated that the AROD Error Evaluation

Computer Program can be a powerful tool in selecting appropriate parameters

for a systen. design. If the values for station coordinates errors and the

mission profile are reasonably well known, intelligent goals for measure-
ment errors can be set with the aid of this program.
An additional series of computer runs were conducted to investigate

the influencs of orbital altitude and station separation distance on system

perfcrmance. Figure A-12 gives (_Pklz) and (—R:) data for a fixed value of

S = 500 naut. mi. and three values of h (90, 500, 2000 naut. mi.). Path lwas

selected te generate the data of Figure A-12 with o= 3.0 m. af=0.5 m/sec,

*For the test runs under consiferation in Figures A-6 (0 A-10, a given value
of oy Was always associated with a particular value of op
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and To=T-0m The shift of the mid-point time for each curve in Figure A-12
is a consequence of the change of orbital angular velocity with orbital altitude h.
Figure A-13, which is a plot of earth distance covered by orbital motion at the
three altitudes of Figure A-12, shows that the mid-point of each curve of
Figure A-12 occurs at the same distance of approximately 2700 naut. mi.*

Two effects of increasing h with S fixed are indicated in Figure A-12;
system accuracy is decreased, and the total observation interval T in increased.

System performance effects of h and S are displayed in an alternative
manner in Figures A-14 and A-15 wheré for the same path and 0. 0. O
ure A-12, > K } and {?) arc plotted for fixed or dai altitudes
and varying station separation distance. In Figure A-14, h is fixed at 90 naut.
mi. and S is assigned the values 300 naut. mi. and 500 naut. mi.; in Figure A-15,
h is fixed at 2000 naut. mi. and S is assigned the values 500 naut. mi. and
1000 naut. mi. As S is increased for a fixed h, Figures A-14 and A-15 show
that the system accuracy is increased at the edges of the coverage region
and total observaticn time is decreased. These effects imply that an "optimum"
S may exist for each h. However, the cross-over between the S = 300 naut. mi.
and S = 500 naut. mi. curves of Figure A-14 indicate that the value selected
for the "optimum™ S strongly depends upon the criterion of optimality.

Although the computer runs employed in Figures A-12, A-14, and A-15
are not sufficient to precisely define an over-all optimum combination of h
and S, the data serve to demonstrate the utility of the AROD Error Evaluation
Computer Program in formulating basic system decisions. Following specific
definition of the required altitude and operating region for the AROD system,
additional computer runs can be performed to quantitatively establish optimum
station separation distances.

Addxtlonal data obtained to show the effect of vehicle-to-station geometry
on (——-—) and (———) are presented in Figure A-16 for h = 500 naut. mi. and 8§ =
500 naut. mi. The data in Figure A-16 were obtained for the three orbital
paths illustrated in Figure A-35, with 0. = 3.0 m, Oy = 0.5 m/sec, and dsc =
7.0 m.

Figure A-16 indicates that for the orbital paths and altitude chosen, the

influence of geometry on system performance is not very strong. For the best

*This distance is equivalent to an carth-subtended angle of 45°, which represents

the mid-point of the baseline between stations 1 and 3 for Path 1 (see Figure
A-5).
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orbital path (Path 2), (%)MIN and ('pr)MIN are 9.2 m and 0.6 m/sec,
respectively, whereas for the worst orbital path (Path 3), these values are
16.8 m and 0.7 m/sec, respectively.

For the wide spectrum of missions anticipated for the AROD system,
it is important to quantitatively determine the influence of geometry on
system performance. Toward this end, the data of Figure A-16 (and similar
data for other h and S combinations and orbital paths éuch as that contained
in Section 2.2 in the main body of this report) wiil prove most useful.

To summarize, the preliminary computer results given in Figures A-6
through A-16 serve primarily to demonstrate the utility and flexibility of
the AROD Error Evaluation Computer Program as a system planning and
analysis tool. As the operational envelope and basic ground rules of the
AROD system evolve, the computer program will prove an invaluable pre-
liminary design, tactical evaluation, station site location, and overall systems
analysis aid.
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Appendix B

ERRORS INTRODUCED BY THE
PROPAGATION MEDIUM

1.0 INTRODUCTION

This appendix estimates the measurement errors introduced by the
propzgation medium through which the AROD transmissions pass. To
accomplish this task, the following is discussed: a description of the Earth's
atmosphere and its effects upon electromagnetic energy; equations for
corrections to the range measurements; calculations of the magnitude of
the corrections; estimates of the residual range errors after application
of the corrections; and equations, corrections, and residual errors for the
range rate measurements.

It must be emphasized that the magnitudespresented for the residual
errors are only estimates. There exists only one set of cla!;aB-1 in a form
even approximating that required for AROD. Moreover, these data are
haged upon important agsumptions, and reflect only the Washington, D. C.
area. The validity of these assumptions, and the applicability of the data
to tropical and sub-tropical climates muyst be investigated for the operational
AROD equipment. However, for the purposes of this Feasibility Study, the
assumptions made, and procedure followed by CounterB-l’ B-2
satisfactory estimates. Where available, experimental data have generally

corroborated the theoretical estimates presented.

2.0 GENERAL EFFECTS OF THE ATMOSPHERE

Propagation of electromagnetic energy through the earth's atmosphere
(Figure B- }.)13"i is affected by: the troposphere, which tends to bend the

radiation down toward the horizon; the stratosphere, which has the same



Exosphere

—

lonosphere

Mesosphere

Stratosphere

Troposphere

Figure B-1. Structure of the Atmosphere




effect as the troposphere but t~ - lesser extent; the mesasphere, which

behaves quite like free space: the ionosphere, where the rayv is bent down-

ward and retarded below the peak index of refraction of the F, Layer and

bent upwards above the F, Layer peak; and the exosphere, wh;ch includes

the Van Allen belts and ot;xer factors with characteristics not well-determined.
The characteristics of the atmosphere have been measured at the sur-

face and up to altitudes of about 100,000 feet by conventional weather observ-

ing facilities. Rocket and balloon exploration has been extensive for altitudes

uan o
up 0o

[ s

he ionosphere, while above the base of the ionosphere occasional
rocket probes have been used and radio techniques have been in regular
use to measure electron densities. Recent efforts to utilize radio trans-
missions from earth-orbiting satellites, have extended the observations
of the ionosphere above the peak of the F2 Layer.

Table B-1 indicates the U. S. Standard Atmosphere proposed in 1962
for international use. Figure B-2 indicates the variation of index of refrac-
tion according to several popular tropospheric models. The 4/3 Earth
mode! is conventionally used by radar engineers, the CRPL model is based
on work by Bean and others at the NBS Central Radio Propagation Laboratory
in Denver, and the Low Latitude model is based on a statistical study of
refraction at tropical and semitropical radiosonde stations for Project
Mercury. Figure B-3, Electron Density in the Ionosphere, is based on the
Chapman distribuiion of eieciron densiiies o, Figuie D-4, index of Deirac-
tion in the Ionosphere, is derived from Figure B-3 by means of the equation,
n = 1-40 D/f2, where D is the electron density (electrons per cubic meter),

f is the operating frequency and v 40 D is the critical frequency. Other
models of the ionosphere yield a somewhat different distribution of electron
densities, particularly above the peak of the F2 layer (Figure B-5). Super-
imposed on these models is the seasonal variability (Table B-2) and the
variation due to sunspot activity (Figure B-6).

From the foregoing tables and figures considerable uncertainty regard-
ing the true nature of the ionosphere can be seen. In the estimates of range
and range rate errors, this uncertainty will be reflected in a larger percent-
age of residual ionospheric errors remaining after the application of cor-

rections based upon standard profiles.
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TABLE B-2

Mean Critical Frequencies at Washington, D. C. 1959 (Noon)E 2

fe in Mc fe in Mc
Season for Fz Layer for E Layer
Spring 12.20 4.00
Summer 7.20 4.80
Fall 9.80 3.80
Winter 13.20 3.28
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3.0 RANGE ERRORS

3.1 Lower Atmosphere

Two errors exist when assuming a range measurement represents the
true distance to a given point. First, because of the bending, the energy
must follow a curved path which is longer than the straight line path.
Second, the energy is propagated through a medium with nonunity index of

roafrontinn on that tho valaaite ~AF -
R S g ar rs

o wond i fa VA ——— -
\sda ad VAL AL FTLAVLLLY Vi PruvpAaRAtiui 1D 3 1

ess than the vacuum veloc-
ity of light. Also, if the velocity of propagation has been assumed to be
equal to the vacuum velocity of light, the apparent path length along the

arc would seem to be greater than the true arc length.

It will now be shown that the elongation due to the curvature of the ray
is negligible. Consider a ray being propagated through the lower atmosphere
where most of the bending occurs in the lower layers. The lower the layer,
the greater the bending or, equivalently, the smaller the radius of curvature,
—IIE’ of the ray. We can get an upper bound on the curvature error of the
range measurement by comparing the straight line distance through the
first 10,000 ft. of atmosphere with the arc of a ray that has the same radius
of curvature as that at the ground level where the curvature is greatest.
Using the notation of Figure B-7, S is compared with R, where R is an arc
on a circle of radius -}(- R in this example is an overestimation of the true
arc length since the bending diminishes as the ray increases in altitude.

In order to have a specific worst case, take a small elevation angle of 3°.

From the notation of Figure B-T7:

82 = h2 -1-2,00‘,0h (1-cos 8)

Ph
0= S S 8.65 mr in this example for E = 3°.
ptan Eh o)
Po

Assuming h = 104 ft. yields § = 17.96 x 104 ft. Let wo be the angle subtended

by the arc R and the line S in the circle of radius -IK- Then R = —w;(—o and
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is the ground station.

is the geocentric radius to the ground station.

is the observed elevation angle (arrival angle) of the spacecraft.
is the altitude of the spacecroft.

is the elevaiion angie of rhe ray path (R) ot height h.

is the elevation angle of the direct line from Ato T.

is the geometric length of the straight line AT.

The index of refraction n = n(p)

Snell's law for spherically symmetric index of refraction is

npcos Ej, =1 a constont.

Fermat's rule yields the equation of the path R

dp/do =p/t Vnzpz-lz

is the velocity vector o7 the spacecroft.

Figure B-7. Geometry for Ray Bending
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R | : <
S= f( sin i':,a—o—or 2sin (%K-)= 4 80 that R = ?ﬁ sin (%—K—) . The elongation of the ray

due to curvature is then:

v 3 e \3 \5
-2 gin YK} g ~2}SK 1 8Ki" 3 [SK | g1 (SKy° 3 (SK:"
R-§=gsin 2} {z *slz/ 40 ( } Yo BE3g (2) * 20K (2; *
The radius of curvature is: B0
p 2 n
i - - n - s )
K _lg_g voco8 E
dp

at the ground level for the index of refraction profile v = roe‘Bh wheren = v + 1.
Typical values for the parameters at tropical and semi-tropical latitudes are
v, = 361.8x 107%, and B=515x 1078/t Thus -lk ~5.36 x 10° ft. which is about 2.5
times as large as the earth radius but appreciably smaller than the conventional radius
of curvature of 4p appearing in the 4/3 Earth model. This means that the bending is
more pronounced than usual.

With the values for S and K fixed, the error due to bending can be cczmputed as:

R-S= 3 7 | © 15.36 x 10 | 7 |

- 3 5
5.36 x 10° | 17.96 x 107 3 71 17.96 x 10 )
2x536x10°/ % N2 x536x10"

=0.166 ft. + terms of the order of 10 ° x the first term.

This error is on the order of two inches and can safely be ignored. It is greater than
the true error since at 10,000 ft. the radius of curvature is 40% larger. At higher alti-
tudes, the radius of curvature gets larger and the bending less so that the error due to
curvature becomes smaller in each higher interval.

In the second source of range deviations, '"'slowdown' of the wavefront, the error
associated with the longer path can be expressed as: AR = [ 2 ndS - fﬁ dS. where dS
is an increment of arc length and both integrations are over the Fermat path (Figure
B-7). Usmg the definition n = v + 1 and the notation of Figure B-7, we have
AR = f °h _vdp . This form is difficult to integrate so a number of simplifications

sin E B-7
have been tried. Bauer suggested the formula:
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AR = c¢sc Eo f;:) vdp , since v gets quite small at high altitudes and
the tropospheric index of refraction differs imperceptably from unity. Bauer
calls the integral T = f;o vdp the "radio thickness'" of the troposphere.
3
| ing "average" values for the lower latitudes it is found T = 7.0 feet, directly
| overhead. '

Using data obtained in a temperate maritime climate, Bauer determined

- v
With the refraction model ;» = e gh an integration yields T = ~p;°~. Substitut-

ey

Season Time of day Radio Thickness
Winter (March) 2 p.m. 8.44 ft.
Winfer (February) 2 p.m. 8.50 ft.
Late Spring 4 a.m. 8.86 ft.
Summer 6:30 a.m. B.99 ft.
Summer 10 p.m. 9.08 ft.
The extreme values available from low latitude refraction data for the

zenith suggest the possible radio thickness range of 4.76 ft. < T < 9.85 ft;
however, these extremes have not been correlated and the range may be
exaggerated. The extreme deviations from the mean for the low latitude
data indicate that the atmospheric shape parameter (3) contributes almost
three times as much error as the surface refractivity (uo).

If real time radicsonds obseivaiivis are available, Bauer (op. cit.)
suggests that the variability of the radio thickness looking at the zenith can
be reduced to 1/10 ft. At an elevation of 10° this suggests an uncertainty
of 4 feet using the simplified formula.

The most extensive statistical analysis of the tropospherically induced
range errors is contained in the work of CounterB-l’ 2. The results of
. this work are discussed later because of their applicability to the total
atmosphere. Counter also computes the "correctability" of the deviations
and estimates the residual errors remaining after the application of standard

corrections.
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3.2 lonosphere

As with other ionospheric effects, the range deviations are frequency-
dependent. Observations of a 500 km high satellite at the horizon will yield
deviations of the order of 100 meters at 1 Geo | with the deviation varying
inversely with the square of the operating frequency. An observation at
the zenith will have a deviation of the order of 10-30 meters at 1 Ge.

Standard corrections usually result in smaller decreases in the iono-
spherically induced errors than for the troposphere unless account is taken
of predicted ionospheric conditions as a function of iime of day, season and
sunspot number. With these considerations, the range deviation should be
reduced by a factor of 1/3 to 1/108-7

able, these deviations should be improved materially.

. H real time ionosondes are avail-

However, the incorporation of these real-time corrections into the
spacecraft computer would result in an important penalty to the vehicle.
The approach recommended, therefore, is the use of a standard correction
(which takes into account the phase of the sunspot cycle) in conjunction with
operation in the kilomegacycle region. (The analysis discussed in Section 3
of the main body of this report resulted in the selection of 2 Gc as the nomi-
nal AROD carrier frequency.) f

The index of refraction in the ionosphere is givenbyn=1 - 1/2 f
where fc is the critical frequency and f is the carr1ei‘2frequency. The
phase velocity v = ¢/n > ¢ but the group velocity u = "7- = nc. The time
delay in the ionosphere which is manifest as a range deviation is:

c AR = 1_1, g 1 _ ~ L 2
(‘At-—AR—c‘S‘(u c)ds—S'(n 1) dS 2f2§f0
Path
or

f nr dr

AR.—-— g
Vnr 1! 2£2 sinE

Snell's law for a spherically symmetric index of refraction will aid the
numerical integration of this expression.
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C<:ﬂ.nxtez""l3°1 has determined a set of deviations for the ionosphere at
Washington, D. C. (see later discussion), which differ noticeably from those
estimated for the arctic ionosphere by Hay and Storey> ° (see Table B-3).
However, recent experiments have indicated a greater electron density
above the peak of the F2 layer than its assumed exponential shape. These
experiments suggest that Counter's estimates have to be revised upwards
by 30% which would bring his deviations more into line with Hay and
Storey's.B"? Since additional tests currently underway or planned (e.g.,
ionospheric topside sounders) will greatly enhance our knowledge of the

ionosphere, no revision of Counter's work was attempted at this time.

3.3 Range Errors in the Total Atmosphere

Comter? ! uses the formula

P
AR = i {(n-1+ fg——?) ﬁ“_%: to determine the range devia-
o P -p, cos E, '
tion in both the lower atmosphere (where g;—l = 0) and the ionosphere.

The element of ray path length dS = Ny 2 cosZEy ~ dR where dR

is an element of chord. With this substitution, the range error becomes:

Py

AR = (‘ @-1 +£2% 4R
R EY,
° f 2

In the ionosphere n = 1 - < and the range error is
2

where Py is the base of the ionosphere. Counter refers to this integral as:

p
2
Q=§fcdR

P1
From a statistical analysis of a variety of representative refraction
profiles, Counter has indicated (for 1000 Mc) the following: the expected
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TABLE B-3

Range Deviations Caused by the IonospheneB'B

E b Range Deviation (AR) (meters)
(degrees) (km) at 500 Mc at 50 Mc
0 200 4.1 410
0 920 86.8 8680
90 750 24.9 2490
20 1200 25.3 2530
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range deviation (AR) for the total atmosphere (Figure B-8); a standard
correction, x (AR) (Figure B-9); the standard error, O’S(AR), remaining

after applying the standard correction (Figure B-10)*; and the standard

error, om(AR), remaining after the use of the surface index of refraction

(ns) in the correction (Figure B-11)*. In addition, Counter has computed

the effects of the troposphere on any frequency (x Mc) as shown in Figure B-12,
Above 100 Mc, each of the range variables (AR, y (AR), as(AR), or o m(AR)

can be expressed as:

-y

V.=V +(V _v"_l_QQQ\Z
£ Yx T Y1000 x’\f

where: Vf is AR, x (AR), O'S(AR), or om(AR) at a signal frequency f (in Mc);
and Vx represents the same variable at x Mc.

From these formulas and Figures B-10 and B-12 residual range errors
(after a standard correction that does not use the surface refractivity)
introduced by the propagation medium have been computed for 2000 Mc.**
These errors are shown in Figure B-13 for vehicles at altitudes of 90,500,
and 2000 naut. mi. to illustrate the extremes of the AROD operating envelope.

4.0 RANGE RATE ERRORS

Because of the effects of the propagating medium,the measured value
of doppler frequency will also differ from the irue value. The principal
cause of this difference is the angle (62 in Figure B-7) between the line-of-
sight from the spacecraft to the ground station and the (curved) path followed

\

*The scales for the range error in Figures B-10 and B-11 differ from
those in Counter because of an error in Reference B-1. This correction
was obtained via a personal communication with Mr. Counter.

**As discussed in more detail in Section 3 of the main body of this report,
this frequency has been selected as the nominal AROD carrier frequency
because it is the best compromise among propagation errors, vehicle
equipment weight and efficiency, and ground station complexity.
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by the ray.* Following Figure B-7. the difference between the true doppler
velocity and the apparent doppler is:
At =Vecos (g + 6,) -
=V [cos y cos 8y - sin y sin 6, - COS Y]
=V [cos § (cos 6,-1) - sin y sing,)
Since the angle 62 will always be sufficiently small at the frequencies of

V cos ¢

interest to apply the small angle approximations,

At~ 64 V 8in y.

V and 3 will be fixed by the mission of the spacecraft and the ground
station geometry, but 5, will be determined by the propagation medium.

For a given spacecraft-ground station geometry, 6 will vary with variations
in the atmosphere and therefore can be treated as a random variable in the
same sense that the characteristics of the atmosphere can be (and have
been) treated.

Again, the most useful source of information is the work of Counter
(personal communication conecerning data that will be published in the near
future). In this work, the effects of the atmosphere on 62 are separated
into tropospheric effects (52t) and ionospheric effects (62i)‘ tc provide a
more general treatment. The data from which the statistical analyses were
compiled are for Washington, D. C., and the nominal frequency used for
the graphs of 62i is 100 Mc. Some strong assumptions had to be made con-
cerning the nature of the probability distributions involved, in order to per-
mit computation of the required results, but the data will represent the
most useful collection for the AROD study. It is hoped that later studies
will provide more extensive data and delete some of the assumptions.

*Near the maximum of the F, layer in the ionosphere an additional effect
must be considered. In this region an erroneous doppler measurement
can result from the lack of knowledge of the true value of the index of
refraction at the (moving) spacecraft. Since the error introduced by this
cause is proportional to the uncertainty in n, the data in Figure B-4 and
Table B-2 can be used to show that this effect is of second order, for
most cases of interest to AFOD, when compared with the angular deviations
to be discussed. However, it may be necessary to include this effect if
highly accurate propagation corrections are used.
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The average value of b5y for any frequency can be obtained rom
Figures B-14 and B-16 as:
2
5 .5 4 [100
0y =0 * ( f ) 8
with the ionospheric effects again decreasing with the square of the trans-
mitted frequency. The standard correction that could be applied to reduce

this error is:

P

\2
X(85) = By + (}'%Q) X (Bgy)s

where x (62i) can be obtained from Figure B-17. After the application of

this correction, which does not vary with season or time of day, the residual

error (standard deviation) is approximately:

4 1/2
a(6,) = ["2(‘529 +4 (-1-%9) az(ézia /
where o (529 and o (621)'are the standard deviations for the troposphere
and ionosphere, respectively, as shown in Figures B-15 and B-18.

It is important to note that Counter concludes that the residual error
due to the troposphere cannot be appreciably reduced by the use of a cor-
rection based on the measured value of the index of refraction on the ground.
This indicates that a more complex correction would be necessary to reduce
the residual error beyond that determined by Figures B-15 and B-18.

When the data from these figures are combined with values for V and
# obtained from standard tables,B-9 the residual errors in range rate can
be found from the relationship

' a.r=o(62)Vsin¢

for the missions and frequencies of interest. To cover the spectrum of
spacecraft missions of interest to the AROD Feasibility Study, values for

o . were computed for circular orbits of 90, 500, and 2000 naut. mi. altitudes.

These values are presented in Figure B-19.
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5.0 CONCLUSIONS

The ideal form for propagation error statistics would include:

a) The expected range and range rate errors as a function of:
frequency, elevation angle, vehicle altitude, time of day, day of
year, phase of the sunspot cycle, surface refractivity, tropospheric
refractivity profile, ionospheric electron density profile, etc.

b) The probability distribution of the residual errors remaining

P S 7 S

nenls atter the application

in the range and range rale measure
of corrections of varying degrees of complexity based upon the
above variables.
¢} The equipment and computations required to make the various
corrections.
Unfortupately, data in this form are not available. However, Counter's
work (References B-1, B-2 and personal communications) has provided
estimates of residual errors (remaining after the use of a standard atmos~
phere) that are quite.satisfactory for the purposes of the AROD Feasibility
Study. These errors are graphed in Figures B-13 and B-19 for 2000 Mc.
The conclusions that have been reached from a study of Counter's
work and many other sources are:
i a) If the vehicle's altitude (h) and elevation (E) are not taken into

consideration, tropospherically-induced range errors in excess of

15 meters and 1 meter per second will be possible. Since these
errors cannot be reduced by operating at higher frequencies, it
is recommended that a correction based upon the computed altitude

and elevation angle (or, equivalently, altitude and range) be incor-
porated in the vehicle computer.

] b) If a "standard" (i.e., worldwide) tropospheric model is employed

to compute a correction for the errors introduced by the troposphere,
the residual tropospheric errors left after the correction will

usually be less than one meter and 0.1 meters/sec. for E> 5°.

Since propagation errors increase sharply for lower elevation

angles, it is recommended that AROD measurements be restricted

to E > 5°.
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d)

f)

Measurement of the surface index of refraction at each ground
station might reduce the residual tropospheric errors slightly.

More complex measurements (e.g., radiosonde data) and computa-
tions might reduce the residual tropospheric error by a greater
factor, but it is questionable whether the additional complexity is
justified by the improvement. 4
The content 6f the jonosphere varies more, and is less well-known,
than that of the troposphere. Consequently, the residual errors

will be a large percentage of the originial errors.

The errors introduced by the ionosphere can be reduced in several
ways: operating at higher frequencies; computing correction

factors; or transmitting on two different frequencies. The iono-
spheric errors vary inversely as f2 ; therefore, operating at 2 kMe
reduces errors to one-fourth their magnitude at 1 kMc. Alterna-
tively, if a correction based upon E, h, time of day, season, and
phase of the sunspot cycle is computed in the vehicle and applied

to the range measurement, it has been estimated that the residual
error will be 10 to 30 per cent of the original error: the use of
current ionogram data would result in substantial further reductions.
Alternatively, iransmission on two separate irequencies has been
estimated to result in a residual error that is less than ten per

cent of the original error.B710
The use of ionospheric corrections computed from local conditions
seems unnecessarily complicated for a spacecraft on an extended
mission, espécially for unattended ground stations. The use of
two separate frequencies to reduce ionospheric errors also seems
to be too high a penalty for the spacecraft. | It is recommended,
therefore, that the required reduction in propagation errors be
achieved through the use of frequencies in the kilomegacycle
region. (Considerations discussed in Section 3 of the main body

of this report have led to the selection of 2000 Mc as the nominal
operating frequency.)
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g)

It is recommended that a correction based on a standard worldwide
atmospheric model (adjusted for the phase of sunspot cycle) be
incorporated into the vehicle computer. The additional complexity
of utilizing local conditions for the propagation corrections does
not seem justified at this time.
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APPENDIX C
GEODETIC ASPECTS OF AROD

1.0 INTRODUCTION

The performance of the AROD system, in terms of overall system
accuracy,. depends strongly upon the accuracy to which the locations of
the ground transponders are known. For the purpose of the Feasibility
Study, two important aspects of the general geodetic problem had to be
studied. First, it was necessary to estimate the geodetic accuracies ex-
pected from the application of advanced surveying techniques to land-based
stations in order to determine the AROD system performance. Second, it
was necessary to estimate the accuracy with which the position and velocity
of a moving ship could be determined, both for planning purposes of early
AROD flight tests and to serve as a preliminary estimate for the station
coor&inate errors associated with "fixed" shipborne transponders for the
determination of overall performance of the operational AROD system.

To provide as accurate an analysis of these aspects of the general
geodetic problem as possible, a subcontract was awarded to Geonautics,
Inc. The analysis to be performed was restricted to transponders located
between + 40° latitude with nominal baseline separation distances of 500
nautical miles. The feasibility of achieving a value of 10' - 50' for the
standard deviation of the location of worldwide stations to a common
datum was to be investigated under the subcontract.

This appendix summarizes the results of the Geonautics, Inc. sub-
contract. Section 2 presents a preliminary estimate of the accuracies of
present and future geodetic techniques for establishing locations of AROD
land-based stations to localized geoidal datums and tie-in of remote datum
systems. Section 3 is concerned with two aspects of the shipborne station
problem:

+




a) A preliminary estimate of the accuracy with which the
position and velocity may be obtained for a ship within
the ocean area enclosed by latitudes 40°N and 40°S and
longitudes 15°W and 75°W, using VLF transmissions from
stations located at present and planned LORAN sites.

b) A preliminary investigation of the feasibility of using
satellites with well-defined orbits for determining a ship's
position and velocitv.

2.0 POSITIONING OF LAND-BASED AROD TRANSPONDERS

2.1 A UNIFIED GLOBAL GEODETIC NETWORK

A unified geodetic network extending around the world has until
recently been of little practical value and of only academic interest. In
the last two decades, however, unification of separate datums to ever in-
creasing accuracies has been of mounting necessity.

The advent of the exploration of space has placed more difficult re-
quirements upon such surveys. For example, unprecedented standards
were formulated for the Cape Canaveral area. then recalled and changed
several times to more exacting and expensive requirements. These de-
mands have only lately been met.l and there is no reason to believe that
even more rigorous requirements will not soon be necessary. The AROD
system will probably pose even more stringent accuracy requirements on
a vast scale not previously considered.

Exisfing surveys, which cover only 15-20% of the land area, were de-
signed to meet the mapping and navigational requirements of a slower
moving,more leisurely world. After 200 years of execution, they do not
meet modern accuracy needs as to location, nor do they provide
union of datums.

Gravimetry, a method that has received great practical and theoretical
attention, provides a method of unifying all world datums to a deliberately

smoothed first order approximation, in the distant future. Even when




combined, however, with relevant satellite data (which are ineffective in
determining the fine gravitational structure) it offers only rough (but
useful) approximations. This method does not meet the 10'-50" objective
for the AROD system nor is it likely to do so, for the following principal
reasons:
a) It requires a worldwide knowledge of gravity (and geodetic
position), which is known only for a small portion of the world

at the present time.

>
Ny

other method to give scale; i.e., a measurement of equatorial
diameter of the Earth. Such a scale can only be supplied to
the accuracies desired for AROD by a surveying technique which
will be good to the same accuracies.
c) Satellite methods for determining the small scale structure of
the geopotential will require a tremendous mass of observational
material based upon a ground survey system of the AROD type.
Indeed, satellite methods may never be capable of such results
due to complications in resolving orbital parameters.
Great strides have been accomplished since World War II to unify
the principal geodetic systems by direct geodetic methods, but none of these
methods presently meet the accuracy objectives posed for the AROD sys-
" tem. In fact, it can be stated that all present geodetic systems except por-

tions of the Atlantic Missile Range, will be of only minimal value in achiev-

ing these objectives.

In consideration of the accuracy desired for the worldwide AROD
tracking network, accurate determination of positions appears to require
departures from traditional position locating methods, to newer, largely
untried methods, not yet fully developed, whose ultimate dependability and
accuracy cannot be fully resolved at this time. Such approaches involve
combinations of the roles traditionally belonging to the separate sciences
of astronomy, geodesy and electronics. They would combine modern photo-
grammetric position astronomy, advanced geodetic triangulation and base
measuring techniques, satellite ranging and range-rate measurements, and




accurate relative astronomic position location methods which are inde-
pendent of gravity. Some of these methods are summarized in sections
of this appendix which follow.

The most promising advanced geodetic methods at this time involve
photogrammetric position astrometry as applied to satellite observations
and flare triangulationz' 3. These methods are now capable of high ac-
curacies and will probably be improved greatly. Since they are a devel-
oping art, the ultimate accuracy attainable is not known. In order to
realize the potential of these techniques (and similar systems) methods
are required for measuring long baselines to an accuracy commensurate
with these advanced systems. The lengthsofthese baselines should be of
the order of, or greater than, the length of the average triangulation sides
in the space triangulation system. Because of the propagation of errors,
a number of such bases should be observed on the various major land '
masses near the equator. Lengths and orientations should be chosen care-
fully to contribute the maximum strength to the results, consistent with
other requirements, such as accessibility, terrain factors, vegetation,
weather, political considerations. road nets, etc.

Of the two highly precise means presently available for measuring
Laselines of great length, only that based on Geodimeter observations is
suitable, 1 Invar tape measurements are too laborious and time con-
suming to be employed to any extent. Taped bases have a higher repro-
ducibility and would meet requisite accuracies, but are subject to sys-
tematic errors which are difficult to assess. Taping methods will be
needed, however, for some minor measurements and, particularly, for
calibrating Geodimeter equipment.

The Geodimeter system makes it possible for a few men to measure
several highly accurate lines of up to 20 miles in length in the course of
a night's work. Using this device, the U. S. Coast and Geodetic Survey
is planning eight United States transcontinental traverses; four of these
to be in North-South directions and four in East-West directions.

Although the extent of the work to provide the required number of
baselines of the long lengths desired appears prodigious, such lines can



be measured. Some of the problems associated with their establishment
have been previously investigated and a "leap-frog traverse' system using
the Geodimeter has been proposed.4 These investigations indicate that
adequate methods can be established to provide accurate terrestial base -
line measurements to scale advanced geodetic systems that will be em-~
ployed for inter-datum ties and final integration of a world geodetic
network.

Aithough these paragraphs provide only a cursory outline of the geo-~
detic problems in establishing a unified global network, it is evident that
the desired objectives (less than 50') of the AROD tracking network are
technically feasible, but their accomplishment will be tedious and their
cost substantially increased due to measurement problems of accurate

baselines..

2.2 VUSABLE METHODS FOR DETERMINATION OF

GEODETIC POSITIONS

This section provides a brief summation of various techniques which
are suitable for positioning stations separated by distances of 300-500
miles or more. The methods discussed are considered applicable to prob-
lems associated with posilioning AROD ground transponders within lo-
calized datums, and also on a worldwide network hasis. Suitability of
the methods for meeting geodetic objectives of the AROD tracking network
depends on the relative positional accuracies desired within individual
datums, and the overall inter-datum relationships necessary for providing
the desired accuracy of a global network. Individually, the methods are of
little practical use in fulfilling positional requirements for a global refer-
ence network, but when used in combination and with precise baselines as
discussed in the previous section, they can approach and possibly satisfy
the accuracy objectives set for the AROD system. The capabilities and
operational status of the various methods are outlined in the following
paragraphs, and comparative accuracies of the systems are listed in
Table C-1.




2.2.1 Hiran Trilateration

Hiran was developed specifically as an airborne electronic, first-order
distance measuring instrument for use in establishing precise geodetic net-
works and photogrammetric control for mabping purposes.5 The system
is capable of measuring geodetic distances over ranges of 50 - 500 miles
or more within an accuracy of + 0.0020 to + 0.0025 statute miles (probable
error). Because of its long-range measurement capability, Hiran is suit-
able for geodetic ties over water, desert or rough terrain. Hiran trilatera- |
tion has been extended over great distances, the most significant being the
North American-European connection which achieved a relative accuracy

of 1:314,000 or + 39 feet over a net length of 2,330 miles.®
Hiran trilateration is considered accurate to 1:150,000 - 1:250,000 (prob-

Generally,

able error) and perhaps better, depending on the geometry and number of
measure lines within the network.

In recent years Hiran has been used extensively by the U. S. Air Force
to obtain geodetic connections among insular groups in the Pacific and to
extend horizontal control along the northeastern borders of South America.
The latter project is scheduled for completion in early 1963 and will pro-
vide one of the longest trilateration networks - Cape Canaveral to Recife,
Brazil. Hiran trilateration was recently completed throughout the Hawaiian
Islands, and other surveys are underway to obtain geodetic connections be-

tween major insular groups in the Southwest Pacific.

2.2.2 Shiran Trilateration

Hiran equipment will be replaced eventually by the advanced Shiran
(3000 mc-S band) system currently under developmeut.7 This system is
expected to be gperational by 1965 and will provide a capability for meas-
uring lines up to distances of 900—1000 miles. Performance specifications
for Shiran require air to ground slant range measurements to be within a
standard error (standard deviation or rms error) of 2.8 meters for dis-
tances of 450 nautical miles, or approximately 1 part in 300,000.
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Both Hiran and the advanced, longer-range Shiran are e%ected to be
suitable for many of the early positioning problems of the AROD network,
particularly for initial location of station facilities in remote areas. How-
ever, these systems will probably have only marginal utility for final posi-
tion determination.

2.2.3 Photogrammétric Flash Triangulation

This method has been developed in recent years as an advanced geo-
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(500-1500 miles) and over intercontinental distances.” Flash triangulation

techniques are based on photographing rocket-ejected flares or satellite flash-

ing lights against the star background from widely separated ground obser-
vation stations. Ultimate accuracy of triangulation is uncertain at this
time as the techniques have had only limited operational use; however, in-
strumentation accuracies of 0.2"to 0.4" of arc for directional observations
4.8 System
accuracy is dependent on various factors including the focal length, aper-

appear possible with advanced ballistic-type camera systems.

1

ture and calibration of the astro-camera, timing of the cbservations, accur
acy of star catalogs, atmospheric effects, and the capabilities of the equip-
ment used inreduction of astrographic plates. These error sources have
been minimized or controlled to the point that flash triangulation now ap-
pears capable of attaining accuracies of 1 part in 1,000,000 under optimum
operational conditions. In considering the precision necessary to achieve
the objectives set for the AROD network, photogrammetric stellar triangu-
lation offers at this time the most desirable means for positioning station
facilities.

2.2.4 Geodetic Satellites

The ‘use of geodetic satellites will facilitate making worldwide geo-
detic connections and obtaining certain geodetic quantities that will provide
greater knowledge of the geophysical conditions and shape of the earth.
Advantages of geodetic satellites have been enumerated in various reports



and already many contributions to geodesy have resulted from observa-

tions of early satellites 2+10:11

Significant satellite programs in the im-
mediate future which will be of interest to the AROD program are:

a) Secor. This system is to provide an electronic ranging
capability for positioning remote stations on the earth's surface and
for eventually establishing a worldwide geodetic datum for horizontal
ccmtrol.12 Geodetic positioning will be accomplished by trilateration
techniques using a minimum of four ground stations. Secor is a con-
tinuous wave, phase comparison system using three VHF/UHF bands—
one for iransmission to the satellite and two coherent frequencies for trans-
mission from the satellite to the ground stations. Analysis of the
difference in phase shift between the two returning frequencies permits
corrections for ionospheric refraction effects. The equipment is ex-
pected to provide a ranging capability of 5000 miles or greater, with
an instrumentation resolution of 1 to 2 feet. Secor is under develop-
ment by the Army and is scheduled to be operational by mid-1963.
Positioning accuracies of 30 feet or better (1:500,000+) over inter-

- continental distances are expected with the early operational system.

b) ANNA. This vehicle represents the first joint-service project
for collection of worldwide geodetic data. The initial ANNA vehicle
will be employed primarily t¢ evaluate angle, range, and range-raie
positioning techniques for intercontinental surveys.13 The satellite
will be instrumented with optical flashing beacons for photogrammetric
stellar triangulation, a Secor transponder for ranging purposes, and a
Doppler system of the Transit-type. Special ground facilities will be
required for interrogation of the ranging transmitters and optical
beacons. Because of power limitations, the satellite can be interro-
gated only six or seven times per 24 hour period for range and angle
observations, which will limit optimization of geometric and opera-
tional conditions for any extensive intercontinental surveys. Accuracies
of 1:500,000 using the electronic system and 1:1,000,000 using the flash-
ing light are expected over intercontinental distances.

Comparative accuracles of the above systems are presented in Table C-1.
These data were utilized to s:mmarize the estimated geodetic errors in
Section 2 of the main body of this report.
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3.0 POSITIONING OF SHIPBORNE TRACKING FACILITIES

Investigations of seaborne position determining capabilities were con-
~ cerned with ships within the ocean area enclosed by latitudes 40° N and
40° S and longitudes 15° W and 75° W. This includes the Atlantic Missile
Range and surrounding waters in the North and South Atlantic. As part of
the study, preliminary comparisons were made of the suitability and ex-
pected accuracy of long range LF and VLF radio navigation systems for
determining the position and velocity of a ship within this designated area.

In recent years, LF-VLF transmissions have been found to be rela-
tively siabie over long paths and, theretore, highly applicable for precise
navigation purposes. The Loran C and Omega navigations systems were
considered of primary interest. and a comparative evaluation was made of
these systems to determine their suitability for use in the early AROD test
flights and their possible applications to the operational AROD system.
The positioning capabilities presented for the Loran C and Omega systems
refer primarily to the repeatability of the systemsnot the absolute accuracy.
Consideration was given also to the use of satellite techniques for deter-
mining position and velocity data for a vessel, and estimated accuracies
of these methods were established. Results of the investigations are sum-
marized in the following paragraphs.

3.1 RADIC NAVIGATION
3.1.1 LoranC

Loran-C is a pulsed hyperbolic radio navigation system operating at a
frequency of 100 kcs. It utilizes phase-measuring and cycle identification
techniques to obtain accurate measurements of the difference in times of
arrival of radio signals from fixed transmitting stations. Groundwave
propagation is utilized to provide accurate navigation over relatively long
ranges to approximately 1400 nautical miles; skywave transmission, although
less stable than groundwave propagation, is suitable for general navigation,
from ranges of 800-2500 nautical miles or gréater. Loran-C is of special
interest to this study as it is capable of providing accurate radio naviga-
tion data for positioning tracking ships in the Atlantic Missile Range and

surrounding ocean areas.
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The accuracy of Loran-C is limited by several factors: (1) geometry
of the hyperbolic lattice; (2) synchronization of the transmitting stations:
(3) instrumentation accuracy of the receiver; and (4) propagation effects.
Based on experimental and operational tests it has been found that synchro-
nization errors can be maintained within 0.05 microseconds. Instrumenta-
tion accuracy of receivers is in the same order of accuracy. Propagation
variations have been found to be less than 0.1 microsecond for groundwaves
and nominally 1 to 1.5 microsecond for skywaves, excluding sunrise and
sunset periods. and periods of high level radio interference. Considering
all these errors, the total standard deviation of a single line of position
when using groundwave propagation should not exceed 0.12 microsecond
(115 feet on the baseline). Obviously, repeatability of a single determina-
tion of a position is affected by the geometry of the Loran-C net; i.e., the
angle of intersection of the two lines of position and their degree of ex-
pansion due to distance from their respective baselines.

In cdnsidering pefformance capabilities of Loran-C, it is appropriate
to summarize the engineering evaluation which was made of the U. S. East
Coast Loran~C chain.14

Cape Fear, N. C. with slave stations at Martha's Vineyard, Mass. and

The master station for this chain is located at

Jupiter Inlet, Florida. For the evaluation, a monitoring receiver was
located at Bermuda to record time-differences of Loran-C transmissions
{rom the master and slave stations. Data was recorded over long periods
of time and statistically analyzed in various ways. For example, one
analysis showed that position fixes obtained by averaging time difference
readings over 8 hour periods from 0800 to 1600 during a year were within
a CPE of 260 feet. In another analysis it was found that position fixes
obtained by using 15 minute averages over a 38 1/2 hour period fell within
a CPE of 105 feet. These results provide indication of the long term
stability of the Loran-C system by averaging observations at a fixed loca-
tion over a period of time.

The accuracy of position fixing, using single or instantaneous time
difference observations is, of course, somewhat less than that obtained by

averaging methods. During the Bermuda recording program it was found
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that the probable error of instantaneous time differences between the
master transmitter and the Florida slave station over a one year period
was approximately 0.09 microsecond in the daytime and about 0.13 micro-
second at night. In addition, it was found that during periods of a month

or more the mean time difference varied from the yearly mean by as much
as 0.2 microsecond. This latter deviation was attributed, in part, to long-
term drifts in coding delays introduced at the slave stations.

Baged on demonstrated performance using the Bermuda monitor and
various theoretical considerations, the engineering cvaluation concluded
that it is feasible to obtain instantaneous position fixes at the extreme
limits of the groundwave area with a probable error on each line-of-position
of less than 0.1 microsecond plus a seasonal error of 0.1 microsecond or
less for paths predominantly over water.

Data obtained with the East Coast Loran-C triad using skywave trans-
missions indicated that time difference measurements had a probable error
of 1.0 to 1.5 microseconds. This corresponds to errors in line-of -position
measurements on the baseline of approximately + 1000 feet for 50 percent
of the observations and + 3000 feet for 95 percent of the observations. Al-
though skywave accuracy obtained in these experiments was an order of
magnitude less than that obtained by groundwaves, it is considered suitable
for general navigation over relatively long ranges. For Loran-C stations
having 100 kw radiated power, the maximum first-hop skywave range is
approximately 1800 nautical miles. Second-hop waves have been observed
as far away as 3400 nautical miles; however, at present the use of multi-
hop skywaves is not recommended for any type of accurate navigation. In
using skywave transmissions, corrections are applied to time difference
measurements to reduce the skywave readings to equivalent groundwave
readings. Corrections for these transmission delays are precomputed for
Loran-C coverage areas based on the predictability of the ionospheric ef-
fects on the radio propagation. Skywaves are relatively stable over short
periods of an hour or more, but they may vary considerably from day to
day and from season to season. At present, there is not sufficient know-
ledge of the ionospheric offects to predict skywave corrections to better

than a few microseconds.
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Figure 1 shows u coverage diagram for a preliminary Loran-C net-
work in the are: of interest. The coverages are based on systems of 1000
kw peak radiated power, which should provide suitable signal strengths of
groundwave transmissions over ranges up to 1100 nautical miles. A total
of 13 Loran-C stations were assumed. including the three stations of the
existing East Coast chain, to obtain adequate ground-wave coverage through
most of the operational area between + 40° of the equator. The use of
groundwave propagation shouid provide accurate position fixes within a
standard deviation of approximately + 500 feet under normal system opera-
tions. Loran-C coverage beyond groundwave range can be obtained through-
out the remainder of the operational area by use of the first-hop skywave
transmissions. Estimates indicate that these signals should be stable
enough to give reliable position fixes within about 1 to 2 miles.

In preparing the coverage diagram of Figure 1. a total of 10 new
Loran-C stations were considered. Equipment and installation costs for
these new station fac_ilities are estimated at $20.000,000 or about $2,000,000
per site. |

3.1.2 Omega

Omega is a long-range, hyperbolic radio navigation system designed
to operate in the Very Low Frequency navigation band of 10 to 14 kcs.
The system utilizes phase comparison techniques with time-shared con-
tinuous wave transmissions to obtain phase difference measurements from
two or more fixed siations. Omega is under final development and evalu-
ation by the U. S. Navy, and is being considered as a global navigation sys-
tem for multi-purpose marine operations. Experimental studies have
shown that the system is capable of providing usable position fixes over
ranges up to beiter than 6000 nautical miles; accuracy at long range being
achieved by use of very long baselines between the Omega transmitters.
The main advantage of the system is that a network of six transmitter sta-
tions separated by distances of about 6000 nautical miles can provide global
navigation coverage.

Sufficient experimental data are not available at this time to fully

assess positioning accuracy of the Omega system. The principal limiting
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factor on system accuracy is the stability of propagation over long paths.
Propagation measurements in the VLF spectrum have been limited; how-
ever, analyseshave demonstrated that the propagation is relatively stable
and that transmission time of the signal can possibly be predicted to a
precision of 5 to 10 microseconds.ls’16
Recent experimental tests were made by the U. S. Navy to obtain pre-
liminary information concerning propagation characteristics and range |

capabilities of the Omega system in the arctic, temperate and tropical

17y
L4

regions.”’ These tests were conducted using the experimental Omega
transmitter network which is operating at a frequency of 10.2 kcs at Sum-
mit. Canal Zone: Haiku, Hawaii; and Forestport, New York. Results of »
these tests demonstrated that the system will be capable of providing posi-
tion fixes within + 1.0 nautical mile at distances of better than 6000 nautical
miles. It was concluded from these experimental tests that propagation
measurements are stable enough to provide a good potential system accuracy,
and that it is possible to make qualitative predictions of the diurnal varia-
tion characteristics of the skywave transmissions. When Omega is fully
developed. overall system accuracy is expected to be about + 0.5 nautical
miles within areas of good geometric coverage.

Omega coverage for the Atlantic area couid be oblained by using a net-
work of three transmitting stations similar to that shown in Figure 2. The
geometry of this network would be very strong throughout the main areas
of interest and navigational position fixes inside the triangle shown, would
be expected to be within + 0.5 nautical miles under favorable propagation
conditions. Locations for the Omega transmitter stations were assumed in
the Azores, St. Helena Island and at the existing experimental Omega sta-
tion in the Canal Zone. It is assumed that this existing facility would be
suitable for permanent Omega operations. Costs for station facilities at
St. Helena and the Azores are estimated at approximately $18,000,000 or
$9,000,000 per site. 8

tion of the antenna facilities as these are estimated at $8,000,000 per antenna.

Most of these costs involve equipment and installa-

-
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3.1.3 Comparison of Omega and Loran-C Capabilities

Estimated navigation capabilities of Omega and Loran-C for use in
determining the position, velocity, and track of a ship within the Atlantic
area of interest are summarized as follows:

Omega? Loran-C
Position + 3000 feet (under optimum + 500 feet (groundwave)
conditions of geometry and + 1 ~ 2 miles (skywave)

propagation stability)

+ 1 naut. mi. (at 6000 naut.

mi range)
b ,
Speed 5-10% or .25 - .75 m/sec. 1-2%or .05 - .15 m/sec.
Trackb 2% - 4° 0.5°

2 Sufficient data not available on VLF propagation stability to
fully assess system accuracy.

b - Based on adjusted mean track from position observations
over limited time periods (approximately 30 - 60 minutes).

All values should be considered as standard errors.

It must be recognized that the positioning capabilities listed above
refer only to the repeatability of the navigation systems. Absolute accuracy
of these systems in terms of geographic position (latitude and longitude to
required degree of refinement) depends upon the geodetic coordinates of
the reference stations, plus a system calibration throughout the coverage
area of sufficient density to assure that secondary phase corrections are
adequately known.

Based on preliminary comparisons of the navigation capabilities of
these systems, the following conclusions are reached:

a) Low Frequency, long-range navigation has reached a

high degree of development and has established operational capa-

bilities; Very Low Frequency navigation is not fully developed nor

is there sufficient kmowledge of propagation characteristics to fully

assess its potential positioning capabilities.
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b) The Loran-C system, although limited in range and area
coverage, is capable of providing more accurate position and velocity
data for AROD shipborne tracking facilities in the Atlantic area than
the VLF long-range Omega system.

c) Approximateiy 10 new Loran-C stations are required to pro-
vide precisé navigation coverage in the Atlantic area. Estimated
costs of these facilities are roughly equal to the cost of 2 Omega

stations for navigation coverage of the area.

3.2 SUPPLEMENTARY NAVIGATIONAL METHODS

Excluding conventional means of navigation at sea, and in addition to
the previously discussed Loran-C and Omega, several methods and tech-
niques offer possibilities of determining position, and by further computa-
tion, course and speed, with reasonable accuracy. There are disadvantages
to each with regard to their application to the singular problems of AROD.
They are mentioned here as representative of back-up methods available

in the event of loss of the basic navigation capability.

3.2.1 Acoustic Positioning

Recently, developments in acoustical means have considerably increased
the accuracy potential of ship positioning relative to fixed underwater objects.
Each of the following has been used with some success:

a) Bathymetric Navigation.
Bathymetric navigation is by far the simplest of these
acoustical means and requires the least amount of unusual equipment.

1t has been demonstrated that three techniques, profile-matching,

line of sounding method, and contour advancing, may be successfully

employed to position a ship relative to a unii;ue bottom feature.

Obviously, the "strength" of the feature affects the reliability of a fix,

but recoveries with errors not larger than 500 feet are attainable

under certain conditions, using a stabilized, narrow-beam echo-sounder

of suitable depth range with a facsimile type expanded-scale recorder.
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To establish the character and position of the bottom feature by survey
methods, a good highly-repeatable external means of navigational control
is required. The bathymetric navigation system is then applicable for po-
- sitioning within the survey area if external navigational control is no longer
available.
- b) Underwater Trig Stations
The use of artificial undersea markers which would be used
as underwater reference points or "trig stations'’ from which the po-
sition of a ship could be determined at sea offers further possibilities.
The markers may be passive, as corner reflectors placed on the bottom
in featureless terrain to provide a readily discernible target for ship-
board sounding gear; or they may be transponders or active acoustic
beacons, capable of detection at greater ranges, and coded for purposes
of identification. The need for power for the active devices is an
obvious disadvantage but must be weighed against a need for range.
discrimination and identification. ‘

One system of interest would consist of three units (active or
passive) on the bottom in the form of a near-equilateral triangle,m.

If the triangle sides are held to -such length that the transmitted sound
enters the water nearly verlically. refractive errors are minimized.
Unfortunately. the geometry of such a positioning system is poor and
range measurements of high accuracy would be required. Under field
conditions, acoustic range accuracies on the order of 1:10,000 are now
attainable when the characteristics of the water column can be ade-
quately defined. At present. accuracy of a fix relative to the submerged
units is subject to improvement. As the ability to accurately estab-
1ish acoustic ranges increases through further development, repeat-

- abilities comparable to Loran-C should be attainable.

-As a means of further reducing the effect of refraction and the
non-homogenous medium, these units may be mounted in moored
buoys submerged at a depth of several hundred feet beneath the water
surface. At such depth, a greater degree of oceanographic stability
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may be expected and the buoys wiii probably stabilize. Ranges in
this case may be considered reliable, as above, but motion of the
buoys must be determinable.

3.2.2. Geophysical Techniques for Navigation at Sea

The present state of the art of observing gravity and total magnetic
intensity at sea lends itself to development of 2 means of positioning com-

20

parable in accuracy to bathvmetric navigation (500 feef) Most gignifi-

cant is the fact that these means are completely independent of emissions
or reliance on external sources to recover a known position, after an in-
itial survey has been conducted. Surveys at sea employing stabilized
gravity meters and/or towed magnetometers must be carried out with ex-
ternal control to locate anomalies of suitable characteristics to permit re-
covery at a later date. The external control is necessary to achieve in-
ternal suArey consistency and absolute position. Positioning at the time
of recovery is simple in practice, requiring only manual matching of
contours.

3.2.3 Flash Triangulation

Extension of the advanced geodetic tool described in Section 2 to po-
sitioning a ship at sea has been found feasible.21 A properly stabilized
camera aboard ship should be capable of providing the same accuracy of
position (50-100 feet) as is possible on land. The use of the system is re-
stricted by data reduction time, weather and sky brightness. However,
when time is not critical, operations can be scheduled to take advantage of
most favorable conditions.

It is apparent that flare triangulation in combination with acoustic or
other means of relating the position of a ship at sea to a point on the ocean
bottom may be used to establish the geodetic coordinates of that point. By
reversing the procedure, the position of the ship may be established at a
later date with a repeatability comparable to that of Loran-C.
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3.3 SATELLITE METHODS

This section provides a preliminary investigation of the feasibility of
using satellites with well-defined orbits in determining a ship's position
and velocity. Consideration is given to the use of four observation tech-
niques: 1) direction; 2) time rate of change in direction; 3) range; and 4)
time rate of change in range. The conclusion on the suitability of these
methods must be considered tentative because of the strong assumptions

that had to be made concerning the satellite orbital characteristics and

3.3.1 Necessity to Make Assumptions

In order to properly analyze the feasibility of using satellites with
well-defined orbits for determining a ship's position and velocity, the
answer to certain questions are required; or, for the lack of answers, cer-
tain assumptions must be made. The following questions are samples of
those that need answers:

a) What means can be used to track or observe the satellite
from shipboard? Photography of a sunlit satellite? Photography
of a flashing-light satellite? Visual observations of either of these
with an angle-measuring device? Radar ranging, with or without a
satellite-borne transponder? Measurement of the Doppler shift of
the frequency transmitted from a satellite-borne oscillator? Con-
tinuous measurements of the Doppler shifted frequency as a
function of the time (during the course of a satellite pass)? Measure-
ment of the integrated Doppler cycle count for a given time interval?
Measurement of the time interval corresponding to a given pre-
selected integral Doppler cycle count?

b) What information is available to the ship? Orbital elements
of the "well-defined orbit" at some time to and their variation with
time (including terms proportional to integral powers of the time
interval from to’ i.e., containing (t - to)n as a factor, with na positive
integer), or periodic terms containing a factor of the type 2(‘:’8 2rm(t —to) /T,
where m is an integer and T is the satellite orbital period? Orbital
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elements, updated at frequent intervals (like Transit)? An
ephemeris of position and velocity?

¢} What is meant by a "well defined orbit?" What are the
errors associated with tracking the satellite by the tracking stations
on whose data the orbit is based? What perturbations are taken into
account in computing the orbit? What non-negligible periurbations -
have been left out of account? '

d) What computing facilities are contemplated, and where are
they located? On board ship? At a distant land-based computing
center? What sort of communications are available in the latter
event?

e) How soon after observation of the satellite must the ship's
position or velocity be computed from the tracking data? Seconds,
minutes, hours, days later? With what precision must they be known?

The answerstothe foregoing questions—either given or assumed—very

much affect whether it is feasible to determine a ship's position and velocity.
In the following, it will be made clear what assumptions are being made.

3.3.2 General Remarks on the Problem

In this discussion the errors arising from the fact that the geodetic

locations of stations are not yet referred to a uniform worldwide geodetic

datum for the entire surface of the Earth are ignored. Errors arising

from this cause constitute a separate problem, (see Section 2 of this

Appendix), and can be treated separately from the errors with which we

are concerned here; namely, the errors of position and velocity of a ship

as determined from observations of a passing satellite.

It is certainly feasible to obtain a ship's position from observations

of a passing satellite. The equivalent has been carried out in the Transit

satellite program, for which observational data consist of a ""Doppler curve,"

that is, the observed frequency of a continuous-wave sinusoidal signal trans-

mitted from a satellite in which the transmitted frequency is very accurately

controlled, as a function of the time. Time signals are also transmitted
- by the satellite. Although some of the results of this program are still
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classified, it is possible to say that the publicly announced objective

of obtaining a terrestrial position with an accuracy of + 1/4 mile has been
achieved.
A position correct to + 1/4 mile is good enough for most navigational
purposes, but geodetic accuracy implies greater precision. In present
_ practiée, first-order geodetic surveys have an accuracy of 1 part in 10~
or better. Over distances comparable to the North American con?inent "

5

{Bay, 4 to 6 thousand kilometers}, this standard implies an error in the
relative position of two stations at points well separated in the geodetic
net of, say, + 40 to + 70 m. We shall therefore assume that to qualify as
a geodetically valuable determination, a position must be determined with
an error not exceeding + 100 m.
a) Position
It is possible to improve on the quarter-mile accuracy quoted
above —in fact, it is possible to achieve geodetic accuracy —from
the observation of a passing satellite. This is especially true if
all the methods listed under Section 3.3.1a are used and even more
especially true if they are used together simultaneously.
Methods of determining a shx‘p’s position from satellite
tracking data can logically be put into one of four classes:
(1) Those using the direction of the satellite as seen
from the ship, i.e., its elevation angle or azimuth, or both,
its right ascension or declination, or both;
(2) Those using the time rate of change of direction as seen
from the ship:
(3) Those using the (slant) range to the satellite from the
ship;
(4) Those using the time rate of change of the (slant)
range.
Techniques for measuring the direction include photography of the
illuminated satellite; visual measurement of the angular position of the
- satellite with optical devices of the theodolite family; electronic measure--

ment of directions with radio interferometers, radar, directionally
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sensitive antennas. etc. The only technique in this class which can yield

a position with geodetic accuracy (i.e., with an error no greater than + 100 m
with respect to the same system of coordinates to which the satellite orbit

is referred) from observations of a single pass is the photography of an
illuminated satellite against a background of reference stars. Errors as
small as 2" to 4" are already routine. For ground stations using cameras
with focal lengths of the order of 1 m, single observations should be

capable of yielding the angular position of the satellite with errors smaller
than I’ of arc.

An angular error of 2" for a satellite 1000 km distant from the ob-
server corresponds to an error of 10 m in his position, and an error of 1
msec in timing the observation corresponds to about 7 m. Although in-
trinsic accuracy of the photographic method is probably as high, if not
higher, than any of the other methods (including those mentioned below),
the photographs must be taken either from a stabilized platform (which
may require special development) or with such short exposures that the
ship's motion does not blur the star images. The method and its math-
ematics are conceptually simple, and have been used by astronomers for
decades; on the other hand, the time required to process photographs,
measure them and reduce the data, etc. can hardly be less than several
hours.

Techniques currently available for measuring the rate of change of
direction are the same as those for measuring direction itself, but more
observations are required. Reductions are mathematically more com-
plicated, accuracy is somewhat degraded, and nothing is gained over using
the same data to obtain direction. Therefore, this method need not be
considered further. ,

Techniques for measuring the range fo a satellite measure either the
travel time of a radio or light pulse (radar, maser-laser, ete.) or the
phase of a signal returned from the satellite compared to the phase of an
outgoing signal (phase comparison radar, transponders at the target, etc.).
Precision of the first method is limited to the precision of measuring the

length of short time-intervals., The best radars are capable of measuring




this interval with ar error of the order of 0 03 microseconds correspond-
ing to an error in the (vound-trip) disiance of 10 m. Phase-measurement
methods are intrinsically cipehle of ~ieiding even more accurate results—
i.e., to a fraction of a waveiength of the radio-fre juency radiation used,.
which can in principle be as little us « few centimeters—but to achieve
this degree of precision, the total number of wavelengths between the sta-
tion and the farget must be known, so thai phase lock must be maintained
throughout the course of a run. Ordinary time -delay radars are used on
shipboard, and there seems io e ne reason why radars may not also be
used in conjunction with transponder svstems on o sateihte.

Techn:jues for directly measuring the range rate, which depend on
measurement of the Doppler shift ot & signal transmitted from the satellite,
are well developed in the Transit system. The Doppler curve for an en-
tire pass of some minutes duraiion cortains a great deal of positional in-
formation. and the {itting of th's curve with parameters that describe the
position of the ship can, with certain ship-sateliite geometries, yield these
parameters with geodetic accuracy. The full ejuation representing the
Doppler curve is very complicated and the fitting of the curve to the ob-
served curve by adjusting the positional and other parameters requires a
large computer if it 1s to be dons in 5 sho~i time. Differential correction
methods are mathemsat.cally simple und ¢asy, however. and will be used
as the basis of discussion below.

All these methods require that the observer be abie to record the time
of his observations with an error not exceeding several milliseconds.

I Sh.p's velocity
The ship’s average velocity for a given time interval can
naturally be determined from its position at the beginning and end

of the interval. This interval may be guite short: e.g., two fixes,

each having an accuracy of + 100 m oktained one hour apart.

would give the shkip's average velocity with an accuracy of about

+ 0.04 meter/sec or about +0 1 knot  The error in direction would

depend on the speed of the ship at 20 knots the error is of the

. e o
order of 5 miliiradians. or zhout 0.3



The only one of the previously mentioned tracking methods that allows
the possibility of determining a ship's velocity from a single set of observa-
tions is the Doppler technique. The mathematical expression for the Doppler
curve contains parameters expressing the ship's velocity in three dimensions.
In fitting the theoretical curve to the observed curve, the ship's motion is
usually treated as known. but it can in principle also be treated as unknown,
and be derived from the curve. Whether there is any advantage in determin-
ing the ship's motion directly from the tracking data is a moot question, which )
is discussed in greater detail below. Suffice it to say for the present that:

{1} simulraneous solution of Doppler curve data for position and velocity

will degrade the accuracy of the position determination, apparently very
seriously in some situations, and the velocity determined may not be much
better than a velocity measured with respect to the water with due allowance
for ocean currents and wind drift; (2) the velocity derived from a Dopplef
curve will in general be worse than one derived from two positional fixes
separated by an interval of the order of an hour; (3) if a positional fix is ob-
tained by some method other than the Doppler curve. the position coordinates
can then be treated as known quantities and the velocity of the ship can be
derived from the Doppler curve with a precision which might, under some

circumstances. he worthwhile,

3.3.3 Mathematical Notes

In the following we use well known methods (see, e.g., S. Herrick,
Astrodynamics. Van Nostrand 1961). We shall not go into any detail, but

shall give a very brief sketch of how position and velocity might be deter-
mined from satellite tracking data obtained on shipboard.

We adopt the right-handed rectangular inertial coordinate system to
which the satellite orbit is usually referred. with: (1) the origin at the
center of gravitational attraction of the Earth; (2) the x-axis pointed toward
the vernal equinox (right ascension g = 0°, declination & = 00), (3) the y-axis
pointed toward o = 900. 8= 00; and (4) the z-axis pointed
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toward the north celestial pole, 8 = + 90°. The ship's rectangular coordi-

nates are (X, Y. Z). Capital letters refer to the ship, lower case to the

satellite. The ship's spherical coordinates will also be useful. These

are R (geocentric radius). © (local sidereal time, or longitude measured
eastward from the x-z plane), and & (geocentric latitude). Geocentric
coordinates are easier to use in satellite problems, since, as noted above,
the satellite’'s coordinates are already given in this system. For the ship's
position, conversion backward and forward tc ordinary geographic {geodetic)
coordinaies presenis no probiems. The ship’s ordinary (geographic, geo-
detic, or geocentric) longitude measured eastward from the meridian of

Greenwich will be denoted by A . and is related to© by the equation
© = Greenwich Sidereal Time + A . (N

It is also convenient to denote the perpendicular distance of the ship from
the Earth's axis of rotation by W. where

/2
w=xZevh 2t (2)
If the ship is stationary, W does not vary, although X and Y vary continu-
ously because of the Earth's rotation.
Let the position vector of the ship be denoted by R, and that of the
satellite by r. Let the position vector of the satellite as seen from the

ship be p . Then

£=r-R |
(3)
=r - W(lcos® + Jsin©) - KZ.

The position of the satellite is assumed to be given with a mean error
(standard deviation) of € (r). or to be calculated from a given set of orbital
elements with or without their time variations, from which a set of errors
€(r,t) can be calculated as a function of the time.

The mathematical expressions needed to derive the position of a ship
from satellite tracking data are naturally different for the three methods
under consideration—direction, range, and range rate. For the first two
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they are relatively simple and for the third very complicated. To avoid

complications, we shall examine the expressions for the differential cor-

rection of an assumed position for the ship (and assumed velocity), which
are very simple. The feasibility and accuracy with which a ship's posi-
tion can be definitively obtained from the data are in no way diminished by

this method. In fact, from the mathematical standpoint, such reductions
are made more feasible, in the sense that they become so simple that most
of them can be carried out without a large computer.

ann that tha Aiffnenn t-‘n}

wrrs ~ » o~y nwwn s b o] Baes ~ e
L OLL LAE RUC ULHICIVUMIALD AL © LUALITLLITU DY WIT OA

Ap = AT -A

1
—

1=
~

in which Ap =p (observed) - p (computed from assumed position);
AT

#

r (observed) - r (computed);

i

0. under the assumption that the satellite position is known;
and
A R = R{true) - R (assumed).

The vector differential Ap cannot be determined from any of the tracking
methods used by itself, but one or more components of Ag can be measured.
A sufficient number of individual observations of the observable component
of Ap will yield a solution for the corresponding component of AR; if a
suitable time elapses (e.g., several minutes) between the individual ob-
servations in the same run, the components will be sufficiently different

in direction to allow a three-dimensional determination of A R.

One other point should be mentioned. If the height of the geoid (sea-
level surface) above or below the geodetic spheroid of reference is suf-
ficiently well known, then only two coordinates for the ship will be requhired.
its latitude ¢ and longitude A, since R is effectively known. Since the
geoid height is known with an error which rarely exceeds 50 m, even in
the open sea, the two-coordinate solution is applicable whenever errors
of this order are allowable in the solution, or where other factors have

already contributed to producing a larger error.




3.3.3.1 Three-Dimensional Solution from Direction Data

The observational data , Aai and Aéi’ are the differences, observed
minus computed, of the right ascension and declination of the satellite at

a time t,, as determined from shipboard observations. In other words we

i‘
observe the two components ofAﬂ perpendicular to the line of sight, and
know nothing about the component along the line of sight. These two com-

ponents are:
Apa—-:pcoséAa = Ap-A, 5)

where Aand Dare two members of a triad of unit vectors forming a right-
handed orthogonal matrix (L, A, D). L is directed outward along the line of
sight, A is directed perpendicular to the line of sight eastward along the
declination circle through the satellite, and D is directed perpendicular to
the line of sight northward along the hour circlie through the satellite.

L= [/ cosa cosd
- sina - cosd !

8ind
./’ . o
é=(‘i2§22>- : (6,
\\ 0
D

. / ~Cosa - 8ind
-sina - sind
cosé

We have also, (using equation 3):

]

AB -AR (sinceAr = 0) )

-A W (Icos6+ J sin@) - WAO (-1sin® + Jcos@) - AZK,

i

where I, J, K are unit vectors in the x, y, z directions. The bracketed
vectors might be abbreviated F and E, with
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F = Szf g directed toward the intersection of the
- celestial equator and the local meridian
and B 2:;“896 directed eastward along the celestial
equator at the local meridian,

forming with

A
)

/

e
{
N

OO

another orthogonal matrix of unit vectors.

When multiplied out, equation 5 gives the following pair of observa-
tion equations:

Ap = AWsin (a-6) - WAA cos (a-6)

. . (8)
Apé = AWsind cos(a-0)+ WAAsin(a-6) - AZcoss.

Since there are three unknowns, AW, AA and AZ, obviously a minimum
of two complete observations will be required. Care should be taken to
space these several minutes apart. so that the satellite will be viewed from
quite a different direction, and the two lines of sight will cross at a suf-
ficiently large angle so that the full accuracy of the method will not be
degraded by poor geometry.

Assuming that e(Ap) = 10_4p (20°* of arc), that the trigonometric
coefficients are of the order 0.1 to 1.0, that the satellite is of the order of
1000 km from the ship, and that the geometry has been used to best ad-
vantage to get an independent set of observation equations, then the errors
of AW, WAA , and AZ will be of the order of 100 meters. Better obser-
vations (such as are now possible from land), or a least-squares solution
of many more than two observations will improve this figure; a satellite
slant range greater than 1000 km will worsen it.
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3.3.3.2 Two-Dimensional Position from Directional Data

In the two-dimensional case, corresponding to the three-dimensional
case with unknowns AW, AA (or AS) and AZ, we now have:

pcos 5Aa=~RA®{sin #sin (o - 6) + cos &}

+ R AA cos &cos (a-6).
)

pASs = RA® {sin &$sin scos (a; ©)+cos $cos §}

. - RAAco8 &5in $8in (o - ©)

These are two observation equations in two unknowns A% and AA.

The chief source of error here might be ¢(p). which will be about as

large as the error in the assumed position, i.e., RA® , and Rcos $AA .

If e(o)/p is about 10~2 (which is easily possible), then €(A®)/A# will

be of the order of 10'2 on the average; or if RA® = 10 km, then ¢(A® )R =
100 meters. If the intrinsic errors of the original observations correspond
to much less than 100 meters at the surface, then an iteration (using the
improved position obtained from the first solution as an assumed position)
would be worthwhile.

It will be noted that a mathematical solution for A® and AA is now
possible with only one observation in the two-dimensional case, which is
intuitively obvious from the intersection of a determined line through a
determined surface.

3.3.3.3 Three-Dimensional Position from Range Observations

The observed quantity is the component of Ap in the line of sight.
We take as before:

&p = -F- AW-EWAO -KAZ. (10)

The component of A g in the line of sight is
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Apy =Ap - L= Ap(range). (11)

Multiplying out gives linear scalar observation equations of the form

Ap (range) = -A Wcos(a~-9) cosd - WAA sin{a-Hcosd - AZ sind, (12)

with three unknowns . AW, AA, and AZ. Thus one range observation of
three different satellites {nearly) simultaneously. or three range observa-
tions of a singie saielliie separated in time sufficicntly sc that the direc-
tions will be different, will determine a fix. This is also easily deducible
from the geometry of the situation. The errors in the three-dimensional
fix will be of the same order as the range observations themselves, if the
geometry is favorable; they will be worse if the geometry is unfavorable,
and better if a solution is obtained from a least-squares solution of many
individual observations. These errors of observation are of the order of
10 meters or better with present high-quality radars. It is worth men-
tioning that the solution of a set of equations becomes very weak if all the
observations must be made near § = 0° or 6 = + 90°. For instance, at

5 = 0°, the coefficient of AZ is very small and A Z is nearly indeterminate.

3.3.3.4 Two-Dimensional Case, Range Measurements

Here, Ap - L yields:

Ap (range) = -R(GA ¢ + C,AA), (13)
where

C, = cosé{ -sindcos(a-0) + cos &},

C2 = co8d cosé sin(a -9).

Two observations of range would give a solution forA® andAA . The

conditions for good and poor solutions are nearly the same as for the

three-dimensional case discussed above.
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For both cases, we have assumed that ¢ and 6 are known to about
1:105, andd andg to about 1:105. s0 that the errors of RA® and Rcos ¢AA
will be the same order of magnitude as the range observations. If the
errors of @.6 . ¢, and@ are worse, the error in Ap may become the

qredominant factor, in which case an iteration will be required.

3.3.3.5 Three-Dimensional Position Determined from
Range-Rate Meagurements
In order to use equation 3 in the range-rate method, we differentiate
it with respect to time, and obtain:

p =1t - Wo (-Ising + Jcosg). (14A)

The foregoing equation is correct, strictly speaking, only for a fixed sta-
tion. It should be slightly modified for a moving ship since an error in
the ship's speed of one knot leads to an (average) error in position of about
400 meters. The equation must be modified if it is desired to solve for
differential corrections to the ship's velocity as unknowns (see equation 18
below). |

Equation 14A ylelds the following vector equation for the differential

correction of position:
Ap = Af + AW (Isind -Jcosf )+ WAA (Lcosd +JIsing). (14B)

We may set A ¢ = 0, under the assumption that we have perfect knowledge
of the orbit. The left-hand side of (14B) represents the difference:

Ap = p(observed) - p (computed) (15)
and is obtained from observation. In the range-rate method, we can
measure only the absolute value of Ap , not its vector components. Form-

ihg the dot product of both sides of (15) with p (observed) + p (computed),
and dropping terms of the order (Ap )2 gives:
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Ap = {2 p (computed) - Ap ] /[p (observed) + 5 (computed)] (16)

Substitution of (15) into (16) gives the following linear scalar equation in
the two unknowns AWand AA :
26

8P = 5 obsy 75 (comp) AWE,sin0 - fycose)r  (1T)

WAA (p_cos 6 + bysin 8) }
This means that, in principle, two instantaneous observations of the 1ange-
rate of a passing satellite will supply two linear equations which can be
solved simultaneously for AW and AA . Such a minimum set of observa-
tions, however, is likely to result in a rather inaccurate solution, so that
8 least-squares solution based on many observations {from a single run)
is advisable. In general, such differential corrections can give the correct
position with errors of the order of several tens of meters—better with
some satellite-pass-versus-ship geometries, worse with others (see below).
Furthermore, if the first agssumed ship's position, W, A, Z, is very far
off, it may be necessary to iterate through the differential correction
procedure more than once. This process, however, converges rapidly.

Note that, in obtaining equation }4A, differentiation with respect to
time had the effect of eliminating Z from all later equations. We are
therefore dependent on W and A to fix a position. In principle, these are
quite sufficient; but near the equator W is an insensitive function of the
latitude (cos ¢ = W/R) and so does not give a very accurate fix in latitude.

To estimate the errors, we make the following assumptions:

e The standard error on the observed Doppler shift in frequency is
0.1 cps;

® The error in the computed Doppler-shifted frequency is 0;

® The error in the assumed value of the carrier frequency is not
greater than 4 c/sec;

e The error in the velocity of light is 0.3 km/sec;
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e The carrier frequency is of the order of 400 Mc/sec;

e The difference between the observed and computed Doppler fre-
quency shift is not greater than 1 kc/sec.

If one substitutes reasonable and self-consistent values of the coefficients
into equation 17, together with errors derived from the foregoing assump-
tions, the resulting solution for one of the unknowns (e.g., AW) will have an
error ranging from tens of meters (in the case of extremely favorable geo-
metry) to + 1000 meters or more (extremely unfavorable casej. The esti-
mated error is due in great measure to the first ingredient, i.e., the error
in the measured Deppler shift. The error expected in practice might be
greater than the 0.1 cps quoted above, so that the error in AW would be
correspondingly larger. On the other hand, the error in AW can be reduced
by making more than the minimum number of instantaneous observations
necessary for an algebraic solution. One can think of the entire run of some
minutes' duration being cut up into numerous samples (for example, 100),
each a few seconds long, to give an equal number of observation equations.
If the observed Doppler frequency curve is displaced point-by-point in a
" random way from the ideal curve, Gaussian statistics would apply and a
least-squares solution could be made to give a much-improved result. In
actual practice. ionospheric and {ropospheric propagation effects displace
the observed Doppler frequency systematically over the entire curve or
parts thereof. These effects can be largely removed by suitable correc-
tions, but the uncorrected remainder can still result in a small systematic
error in the position derived froma single run (i.e.. one satellite pass).

We quote recent estimates of the standard error for positions actually
derived from single runs of a Transit satellite (oral communication with
Applied Physics Lab.). The starred entries are relevant to the present
discussions.

* + 40 - + 50 meters - due to instrumental errors.

* + 50 meters - tropospheric effects uncorrected.

* + 10 meters - tropospheric effects corrected.
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+ 400 meters (day)

% 150 meters (night) - mnospherlc effects at 324 megacycles;

largely eliminated by the use of more

than one frequency.

+ 250 meters - uncertainties in earth's gravitational field over
the orbit

This last entry may be regarded as another aspect of the problems associ-
ated with poor long-arc geodetic ties discussed under Section 2. Both
problems - i.e., improvemeni of ivug-aic gecdetic tics and the prediction
of small but cumulative orbital perturbations produced by irreguiarities
in the earth's gravitational field - could be solved by having a reasonably
dense worldwide net of gravity data. Obviously all satellite orbits are
affected by this error.

3.3.3.6 Two-Dimensional Case, Range-Rate Measurements
Putting
R=R (lcos¢cosg +Jcosdsing + K sin ¢)
and differentiating with respect to time, we obtain the vector equations:
§ (A®sindsing - A g cosdcosg) - ¢

&
§ (-Adsindcosg -Agcosd sing) - ¢ (A dcosdsing +tA g sing) &
cos8 ) -dA®sind

Ap = -R

. (18)
In this equation the velocity components of the ship, expressed in rate of
change of latitude and local sidereal time (the latter including change due
to motion in longitude), are assumed to be known.
Substitution into equation 16 will yield in a straightforward way a
linear scalar equation in the two unknowns A® andA§ (FAA). The
errors of the solution are comparable with the three-dimensional case,

with approximately the same restrictions.

Q
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3.3.3.7 Determining the Ship's Velocity from Satellite Tracking Data

As already mentioned, only Doppler data of the Transit system type
are capable of giving a direct measure of the ship's velocity. For a given
satellite pass, the ship's position has a much greater effect than the ship's
velocity on the observed Doppler curve. ("Ship's velocity' here means
the ship's motion through the sea, plus ocean current and wind drift effects;
the motion due to the Earth's rotation has already been taken into account, |
since it applies equally to a fixed terrestrial station.) For this reason,
it ig foolish to consider trving to derive differential corrections to the
ship's velocity with equations derived from equation 14B. unless either
(2) the ship’'s position is already known with considerable precision, or

(b) we derive equations for differential corrections for position and velocity

simultaneously. We shall consider alternative (b) first.

Following procedures similar to those outlined above, one can obtain
the following linear equation in the five unknown differential corrections:
two for position, {only AW and A'A since the third term correcpondmg to
Z has dropped out, as before) and three for velocity (A\R AA and A Z):

. % (comp) *AW.+ WHA A . p  coso +bysin0
Ap= < : -WAA-6AW- WAy | T ,
p (obs) -p (comp) “A7Z pxsme +pycosa
N\ 4 N pz
(19)

In principle, as before, we need 2 minimum of five observations of Ap

to furnish five linear equations to be solved simultaneously for the five
unknowns. As before, a least-squares solution of a system of many more
than five equations would give an improved solution.

In practice, these equations would probably still give an unsatisfactory
result, for the followmg reason. The coefficients of the position terms con-
tain either § or W/ W, which are of the order of 10~ or smaller, so that
the position terms will be much more poorly determined than the velocity
terms in the simultaneous solution. In fact, this natural internal weighting
by the coefficients will have the effect of blaming almost the entire dis-
crepancy between observed and computed range-rate on the velocity com-

ponents, which will then receive large corrections, while the positions
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remain virtually uncorrected.. We therefore reject this method, and are
left with alternative (a).

Alternative (a ) presupposes that the ship's position is already known
with considerable precision. One possibility would be to determine the
ship's position from some mecthod other than the range-rate method
(e.g., from radar range measurements or angular position measurements).
The differential correction equation for velocity components, analogous
to equation 17 for position components, would then be:

[wWad) [6ysing - p, cose

- 2 AW] ~p x COSG=p sin
AP= Ty(obs) + p(comp) \AZ) P 7 (20)

z

Under favorable conditions (least-squares solution, good geometry,
etc.), the accuracy of the velocity corrections may approach that of the
left-hand side. Under fairly extreme but still reasonable assumptions,
the error of measurement of Ap might be as small as the order of 0.1
m/sec, which would give the ship's velocity to a fraction of a knot. Under
average circumstances the result will probably not be that good. On the
other hand, if the ship's velocity is already known from standard measure-
ments, together with corrections for known currents or winds, to an accuracy
of, say, + 1 knot it would hardly be worthwhile to try to improve the velocity

with satellite range-rate measurements.

3.3.4 Conclusions

Based on the preliminary considerations, on the assumptions made,
and with the reservations given in specific cases, we conclude:

e That the determination of a ship's position with ''geodetic

‘accuracy" from satellite tracking data, is feasible;

e That under most circumstances the velocity can best be

determined from two or more position fixes

e It appears that of the currently available satellite navigational

techniques, the Transit system is the best developed and its use




would be more practicable than the others for the time-scale of the
AROD flight test program (1964). Beyond this period more accurate
position determinations may be achievable by the utilization of
measurements from other types of satellites (with precisely-known
orbits). Techniques such as flashing lights (e.g., ANNA) or trans- ‘
ponders (e.g., SECOR) might reduce the Transit errors by more than

an order of magnitude but would require much more shipborne
equipment.
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MATHEMATICAL DERIVATIONS

This Appendix presents derivations of some important formulas used
in various portions of the Feasibility Study. Two subjects are discussed
herein—mixers and signal dynamics.

1.0 MIXER ANALYSIS

Since mixers are used in many of the AROD circuits, equations for the
signal-to-noise ratio of a mixed signal will be derived in this section. The
inputs to the mixer are signals 51‘” and sz(t) which for mathematical sim-
piicity will be considered as pure sine waves. However. the results are
valid for all narrow band power spectra. The noises added to the input sig-
nals are represented as nl(t) and nz(t). For mathematical simplicity it is
assumed that both of these noises are white and the power densities are
represented by Nol and Noz. The power spectra for the input signals and
noise are shown in Figure D1. The output of the mixer is:

s(t) + n(t) = kis,(t) +n, (%) [s,5() + ny()] = k{sl(t)sz(t) + 8, {n, (1) +
n, (s, (1) + ny(t)s, (D} (1)

where k is a constant and has units of volts—l. For signal-to-noise consid-
erations we can consider k = 1 without loss of generality. The only term
which is independent of noise is:
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s(t)

s;(Bs,(t) = [Al cos wltl {Az cos wzt]

[l

sl(t) Al cos wlt sz(t) = AZ cos wzt

The output signal can be rewritten in the form:

s(t) = .5A,4, {cos () - wyt + cos (w) + wz)t}

The power specirum of ihis signai i shown in Figure D2a,

The noise voltage in the output is given by:

n(t) = nl(t)sz(t) + nz(t)sl(t) + nl(t)nz(t).

The input noises can be written as Fourier integrals.

w1+ "'2'!'
nl(t) = S al(w) cos wtdw
e}
g W7
B,
wot g
nz(t) = (l az(w) cos wtdw
P
Wom 2

(2)

{2a) .

3

4)

(5)

(6)

where al(w) and az(w) are random variables and B, and B, are the band-
widths of the white noise inputs which are centered at radian frequencies of

wy and Wor In addition, since the noises are white with zero mean:

Elay ()] = Elagw)] = 0

(7)
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ZNOI, !w- wll <3

1

E(a‘;f () (8)

B
0 ,|jw-w,{>"1
' 1; 2

By
J; Noz, lw- wZ] <5

]
Lo -
o= wy] > =2

It follows from Equations 2a and 6 that:
- 7

-
N
)

}

(9)

sl(t)nz(t) = S az(w) cos wtdwlA, cos w,t

A, ‘
- S‘ az(o.é cos (w + wl)tdw (10)

YT
Hence, the spectrum of the sl(t)nz(t) is white in two separate frequency
bands of width B2; one band is centered at (“’2 - wl) and the other is at
(w2 + w,). This spectrum and the similar spectrum for sZ(t)nl(t) are

1
shown In Figures D2b and D2c.
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The last noise term is:

B B
fw. 44 W+ 2
9173 Wt

nlz(t) = nl(t)nz(t) = I A al(w) cos utd S az(x) cos xtdx
B B

“1" 2 (Y272 |

% Ve (wayx) {cos (w + Xt +cos (w -~ Xtpdwdx

11}
417

Py

In order to obtain the spectrum of nlz(t) it is convenient to first calculate
its autocorrelation function:

oc

RlZ(T) = S‘ nlz(t)nlz(t + 1)dt (12)

o0

Substitution of Equation 11 into 12 and integration over ¢ yields:

_ll B

RlZ(T) = -‘11 S‘ S al(y)az(x){coe (y + )7 + cos (v - X)7} dydx

2
2”2 (13)

The spectral density Snl 2(w) is obtained by taking the Fourier transform of the
autocorrelation function by use of the relationship:

y=w1— —2-’ X=w

snlz(w) = SRIZ(T) B—Jm dr (14)

From Equations 13 and 14 we obtain:

Sp, (@) = ( ’S al(y)az(x){ﬁ(x tytw) +Ox+y-w o+

8y - x+ u) + 8(y - x - wldydx  (15)
where § represents the Dirac delta function, which has the property,
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v fla)ifa, < a< a,

2
S\ f(x);{x-aydx = o) < a (16)

o 0 otherwise

The expected value of the spectral density is obtained from Equation 15
and interchanging the order of the integrations over x and y with the expecta-
tion operation. The result is:

r '
/4 \ (‘ E[ry?ly)az(x)}le X+y+w)+oX+y-w)
M (17)
oy -x+w)+6(y-x- w)[dydx
Since the input noises are independent Substitution of Equations 8 and 9
into Equation 17 yields:
w1+Bl/2 w2+32/2
Efnm(@f‘)ﬂ‘lo1 No, Sl g {5(x +tytw) tox t+y - w)
y:wl-Bl/Z xzwz—Bz/:Z (18)

+ 5y -x+w)+6(y-x—w)} dv dx
The integration vields the spectrum shown in Figure 2d.

Since the noise components are incoherent, the total noise power spec-
trum is obtained bv adding the spectra shown in Figurcs D2a. 2b, and 2¢.
The resultant is shown in Figure DZe.

From Figures D2a and D2e it is obvious that the signal to noise ratio
after passing the mixer output through a filter of bandwidth Bpand a center
frequency of either (wl - wz) or (w1 + wz) is:

Sl SZ 1
(S/N) = 3 5 ifB.<(By-B;)>0 (19)

o SlN02 +821\01+B1N01N02 BF F

If BF > Bz - Bl’ then the total noise power in BF can be determined from

Figure D2e.
An interesting case of Equation 19 results when (Sl/Nol) = (SZ/NOZ) >>By
then Equation 19 reduces to:

(S/N), = (8,/2N0) (1/B) (20)
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In other words the signal to noise ratio of the mixed signal at the output of
the filter is 3 db worse than the signal to noise ratio obtained by passing
either input signal through a filter of bandwidth BF'

Another case which is sometimes of interest is (SI/ Nol) << (Sz/ Noz)
and B2 << (SI/ Nol). Equation 19 then reduces to

- 8/N) = (8;/No,) (1/Bp). (22)

2.0 SIGNAL DYNAMICS ANALYSIS

It is the purpose of this section to derive the equations determining the
range of signal characteristics with which the phase-locked loops will have
to operate. The operational envelope for the spacecraft is again assumed
to be 90 - 2000 nautical miles, and it is assumed that circular orbits with
allitudes between these limits are representative of the AROD missions.
For thgase assumed characteristics then, the equations for the doppler fre-
quency (f d) and rate of change of doppler frequency (i' d) are determined,
and their maximum values calculated.

In Figure D-3 the geometry for the analysis to follow is shown. The
expression for the rate of change of r with time and the second time deriva-
tive will be used to obtain and evaluate the equations for the doppler frequency
and its rate of change.

At any point in time:
=R +h’+RZ%-2R (R +h) Cos g
e e e &
Differentiating with respect to time:
2rr =2 Re (Re +h) 4 sing

R, (R, +h) dsing
r

=

Once again:
’2 >

r[R, (R, +h) 8% cos 6] - [Re (R, +h) 4sing) ¢

2
r

=

since 8 is congtant for a circular orbit.
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These expressions can be evaluated at any point in an orbit by reference
1
to tabulated data .

The maximum values for f d and f , determine the range of signal dynamics

d
over which the phase-locked loops must operate. For a two-way signal:
2r
i~
p 2
and fd ~ T

The maximum value for d is at the horizon when ¢ and f(or V sin a) are
maximum. That the maximum value of f 4 oceurs at the zenith can be seen by
simplifying the expression for T, then differentiating:

c2 2

R(M +hig"cuoség -T1

r

45 —x‘[Re(Re +h) 62 sin g +2'rg-§ - g—-;; {Re(Re + h)l}2 cos 8 - 'r2] o
a4 . 2
at the zenith this equation is satisfied since:
sing =20
r=0
dr

do =2Re(Re +h) sin 6 = 0.

The value for T at the zenith is:

ne> RV
R Wit RV 2 2
h

h “h(R_+h) "R _+h
[ e

T =

Values of f d and f q are tabulated below for several points of interest in
the AROD system at a carrier frequency of 2000 Mc.

Elevation . 9
Angle f, (cps) fq (cps™) r
h (naut. mi.) {degrees}) (two-way) {two-way) {naut. mi.)

90 5° 1.0 *10° 88 600

90 90° 0 4.8 * 10 90

500 23° 7.9 "10% 82 1000
2000 5° 5.3 *107 1.7 3940
2000 90° 0 91 2000

1
"Sp_ace Communications Handbook," Philco Western Development Labora-
tories Technical Report 1162, 31 August 1959,

D-10



